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were investigated. Particular emphasis was given to a hollow glass FRP rod designed at
Oregon State University.
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all the joy you provided me with.BOND STRENGTH INVESTIGATIONS AND STRUCTURALAPPLICABILITY
OF COMPOSITE FIBER-REINFORCED POLYMER (FRP) REBARS
1. INTRODUCTION
1.1. The Increasing Need for Durable Construction Materials and the
Limitations of Conventional Materials
When we examine the heritage of past generations,we wonder in appreciation of
the great technological advances that greatly improved the quality ofour lives. The list is
long; instant communications, fast transport,access to knowledge and information, and
advances in medicine. Unfortunately, there is alsoa dark side to this inheritance- depletion
of natural resources and growing pollution. This isa result of the massive debts
accumulated by the preceding generations as they tried to gainmore than their financial
resources, and perhaps needs, allowed. There was far too much demandon natural
resources and the supply too finite to continue without regard to future generations. Even
in modern times, this trend continues. Asa result of the Second World War and the
resulting separation of the world into two social systems,many resource-rich countries
suffered pollution and depletion of dimensions previously unknown. Perhaps,the most
cruel social experiment of this century, ironically called socialism,contributed to the
destruction of the planet.
Years ago Henry Kissinger said: "The absence of alternatives clears the mind
marvelously." The problems related to resource depletion and environmentaldeterioration2
require different ways of thinking than those of the past. Mankind ceaselesslysearches for
technologies to improve the efficiency of natural materials, following the "consumeless-do
more" approach. As a result, there are substantial reductions in environmentalimpact
from the manufacturers and users of building materials. Fortunately, the UnitedStates was
one of the first countries to recognize this dilemma and to take steps to solve it.
Neverless, the durability of the natural materials and manufactured products using
natural resources often fail to meet our needs. Too often the researcherspresent materials
or material systems that demonstrate remarkable properties in the laboratory yet fail in
their intended application. Billions of dollars have been unnecessarilyspent to improve the
behavior of materials under laboratory conditions that have almost nothing incommon
with real world conditions. Clearly, in the immediate future multi-componentmaterials
which are construction site tolerant are required.
It is fair to say that the current design methodologies for steel andconcrete
structures have evolved from a process of incremental improvement. Thisprocess has
resulted in very efficient design solutions for these materials. However, itappears that the
practical limits of these materials is near. Although possible, it isnot likely that a major
breakthrough in civil engineering design practice with those materials willoccur. A more
likely scenario is that increasing design demands will bemet by new, smart composite
materials. Properly designed and manufactured composite materialscan offer structural
performance superior to any previously known material.
A large number of different applications of advanced composite materialsin a
variety of structures appears likely in thenear future. At present, these materials are not3
yet in wide use, but have much to offer. They will bring about radical changes in the
construction form and maintenance of civil engineering facilities. Perhaps themost
significant progress will be made when the engineers and researchersmove away from the
simple replacement of current materials with composites toa completely new approach, to
structures resulting in greater long term economy and lower environmental impact. This is
the great challenge that lies ahead (Head, 1996).
1.2. Background
Just three years ago, the advanced composite materialswere little known in civil
engineering. In this short period awareness has increased enormously all around theworld.
The interest in advanced composite materials started in the early 1980's, primarilyin
response to the corrosion problems discovered in a large numbers of structures built with
steel and steel-reinforced concrete. In 1983 therewere approximately 30 centers in the
world researching possible applications of advanced composite materials inconstruction,
whereas now there are in excess of 300 (Head, 1996). There isnow no doubt that
advanced composite materials are becoming establishedas important materials for use
alongside steel, and concrete in all kinds of structures.
In the United States, as well as all over the world,many of the reinforced concrete
structures are significantly deteriorated. For example, 40 percent of the United States'
575, 000 bridges are functionally deficient or structurally obsolete dueto corrosion
problems (FHWA, 1993). Most of these are unsuitable forcurrent or projected traffic
needs (Marshall and Busel, 1996).In many cases, the cost for replacement of these4
facilities would be prohibitive. Fiber reinforced polymer (FRP) composites havebeing
explored worldwide as a promising solution to the corrosion problems. Amongtheir
benefits are high strength-to-weight ratio, resistance to corrosion, relativeease of
applications, durability, minimal disruption of traffic, and low maintenance requirements
compared to conventional materials.
The Civil Engineering Research Foundation (CERF) in the United States recently
established a ten year research and developmentprogram, called CONMAT, designed to
bring the US infrastructure back to health. Advanced composite materials, with their high
strength and durability, are a major part of thisprogram. Over 50 percent of the 2 billion
dollar COMAT program is allocated to these materials (Head, 1996). The aim isto create
a new generation of bridges, marine and utility structures with reduced life-cycle costs and
construction times.
The most common approach to address corrosion has been throughuse of epoxy
coated steel rebars. However, resent studies (Clear, 1992) have shown thatepoxy coated
rebars do not perform consistently in chloride environments,even when coated to
specifications, properly handled and properly installed. Ina report issued by the Canadian
Strategic Highway Research Program in March 1992, itwas concluded that "epoxy coated
reinforcing steel should not be used as the primarily protectivesystem on highway
structures which are expected to experience chloride contamination".5
1.2.1.Fiber Reinforced Polymer (FRP) Rebarsas Alternative to Steel
Reinforcement
Much of the current research on advanced composite materials forcivil
engineering applications is pursuing a direct replacement of steel reinforcement and
prestressing tendons by FRP materials. Glass, carbon, and aramid fiber reinforcing and
prestressing systems are already available and can be used by designers. Guideline
documents have being produced in Japan. (Sonobe, et al., 1995, and Machida et al.,
1995). The American Concrete Institute currently is workingon development of a
supplemental Building Code for reinforced concrete structures using FRP materials.
A specific application of the FRP composites is as non-prestressed reinforcement
in concrete for members subjected to flexure, shear, and compression. Such applications
occur in bridge decks, concrete pavements, retaining walls, and many others. In theory,
the composite bars offer an economical solution to the corrosion problems of the
infrastructure. In addition to their non-corrosive characteristics, compositescan offer
tensile strengths twice that of steel at only about one-fifth of the weight.
Although the material properties are suitable for making FRP bars superiorto
steel, the processing and manufacturing techniques,as well as design approaches are often
more challenging. Additionally, the material cost of fibers and resins are often greater than
their equivalent in steel. However, the costs limiting theuse of FRP bars are rapidly
disappearing. Just a few years ago, glass FRP rebars cost 50 percentmore that steel and
carbon FRP bars were three time the cost of steel. At these costs, composite rebarscould
not be considered as a cost effective alternative to steel for major applications.6
Recent developments in the composite manufacturingindustry and application of
more sophisticated design approaches have altered the picture. Thecost of an equivalent
No. 6 glass FRP rebar, commercially knownas a C-BAR is currently $0.69 to $0.80 per
foot (Faza, 1996). In comparison, thecost of same size epoxy coated steel rebar is $0.53
to $0.60 per foot. Without considering the cost of corrosionprevention that maybe
required for epoxy coated bars, the cost of FRPbars are about 25 percent higher than that
of epoxy coated steel.
The cost of composite rods would be approximatelyequivalent to that of epoxy
coated bars, considering the costly steps neededto use epoxy coated steel, such asuse of
fine aggregates, type and composition ofcement, water quality, cathodic protection,
concrete cover thickness, and workmanship. It isnecessary to consider the advantages of
using each product. Typically, the tensile strengthof FRP bars is twice as muchas the
strength of same size steel bars. Forconcrete applications, where the use of reinforcement
is not as critical as in load carryingstructures (for instance, Continuously Reinforced
Concrete Pavements), the doubling of the strength ofthe composite bars would reduce the
quantity of reinforcement. This could result insignificant savings when comparedto epoxy
coated bars. When evaluating the potential benefitsof FRP bars, the projected life of the
structure has to be taken into account. Experience has shown(Sagues, 1994 and Faza,
1996), that concrete structures reinforced withconventional materials and exposedto
severe environments, have project lives of 10 to 15years despite being designed for an
anticipated life of 50 years. The increased maintenanceand rehabilitation adds to the total7
facility cost. Assuming FRP durability can be assured, theuse of FRP bars would result in
tremendous saving over the life of many structures.
The largest potential market for FRP rebars may be in the reinforcedconcrete
structures exposed to deicing fluids and salts or in high chloride environments.
Successfully developed and properly manufactured composite rebars could replace the
epoxy coated steel reinforcement for a potential market in the United States of $500
million dollars per year (Erki and Rizkalla, 1993). It would be advantageousto use FRP
reinforcing units in concrete roads and airfield pavements where large quantities of deicing
salt are frequently used. Also, other transportation facilities, suchas bridge decks and
parapets, retaining walls and foundations can benefit from FRP bars usedas alternative to
steel. Corrosion is a common problem in structures builtnear seawater. Canals, piles,
floating structures, offshore platforms, and many others could be successfully builtor
repaired with composite bars. Likewise using steel in applications where low electric
conductivity is required may result in very complex construction solutions. Airport control
towers and runway pavements, hospitals, electric and telecommunication structures, and
military facilities are among the candidates for utilizing the benefits offered by the
composite bars.
FRP reinforcing units have already been used inmany structures. Commercially
available composite bars are being used to reinforce concrete structures ranging from
Magnetic Resonance Imaging (MRI) units to balconies and highway bridges. Thefirst
installation of FRP bars in a large infrastructure project is the Buffalo Creek Bridge in
McMinleyville, West Virginia. The bridge is a jointless, three-span, 54-meter continuous8
structure with two traffic lanes. Among many other projects utilizing FRP barsare
concretepiles,"Jersey"trafficbarriers,seawalls,balconyrehabilitation (C-BAR
Reinforcement News, 1997). The US Army Corps of Engineers has recentlycompleted
full scale testing of the FRP rebars in a concrete bridge deck. Theseare just a few of the
most recent applications of the FRP bars in non-prestressed concrete structures. Thereare
many earlier applications of FRP composite bars in the United States and worldwide.
1.2.2. The Options Presented by Composite Materials
Advanced composite materials, primarily developed foruse in the defense and
aerospace industries, offer a wide variety of infrastructure applications. Despite the wide
use of composites in aerospace and defense projects, their application in civil engineering
has been slow due,in part, to economic reasons. Recent advances in automated
manufacturing processes and constituent materials cost reduction havemade advanced
composite materials more affordable.
Several developments have changed the future of composites for civil engineering
applications. Advances in the manufacturing of the polymer matrix composites,resin
transfer molding, filament winding and automated pultrusionprocess have reduced the
cost of these materials. The reduced demand for advance composite fibers in the high
priced defense industry, and the expansion of the market for thesefibers in other
industries, such as sporting goods manufacturers, andprospects for large volume
applications in the civil engineering field, led to development ofnew, low cost materials
(Sieble, 1996).9
Some of the most promising application of compositesare new forms of concrete
structures in which those materials are used to confine the concreteor provide helical
reinforcement and permanent formwork (Harmon, et al., 1995, and Iyer, 1996). Tests
have shown that these structures are much more ductile and concrete strengthcan be
increased up to four times by the induced triaxial stress.
The recent earthquakes in Southern California and Japan demonstrated the needto
construct the civil engineering structures with enhanced seismic protection. Structures
made from masonry and reinforced concrete were extensively damagedor completely
destroyed in these areas. For earthquake strengthening, where increased ductility is
needed, glass fiber reinforcement has been found very effective. Resistanceto earthquakes
could be increased at least by a factor of two by wrapping concrete columns withglass
fiber reinforced epoxy materials (Priestley, 1992). These jacketscan be used as separate
reinforcement or added in zones where the reinforcement has been spliced and potential
plastic hinges can form in earthquakes. Currently,the California Department of
Transportation (CALTRANS) is writing specifications for composite wrappingof
concrete structures to improve earthquake resistance.
The recent innovations of concrete highway bridges in Canadaare examples of the
possibilities offered by composite materials. Anew generation of bridges has been built
using new design concepts and advance materials for reinforced and prestressedconcrete
(Rizkalla and Mufti, 1996). The first smart bridge, built in Calgary,Alberta was
prestressed using carbon FRP tendons and instrumented with fiber opticalsensors.
Another, located in Halifax, Nova Scotia, useda steel-free concrete deck slab. The most10
recent bridge under construction in Manitoba, utilizes carbon FRP for tendons and
prestressed girder. All three bridges are provided with optical fibersensors that are
monitored remotely from a central station through telephone lines, thereby reducing the
need for costly inspections.
In the UnitedStates,developments of advanced composite bridgeshas
concentrated on assemblies of pultruded glass fiber reinforced polymer sections bolted
together. The largest bridge constructed to date is the 24.4 meter (80 ft)span footbridge
in Olympic National Park (Johansen, et al., 1992).
In the United Kingdom an innovative modular glass reinforced polyester pultruded
construction system has been developed, called ACCS. The system enables bridges,
buildings and offshore structures to be built by bonding together simple cellular
components using epoxy adhesives (Head, 1994). So far, 600 tones of ACCS materials
have been produced and installed in various applications. These include the world's
longest (63 meters ) span foot bridge in Aberfeldy, Scotland. ACCSsystem has also been
used to built the Bonds Mill Lift Bridge, which carries full UK highway withvehicle
weights up to 38 tones.
The list of existing, ongoing or conceptual projects using FRP composites is
extensive. The conceptual modular bridge by the FHWA (Figure 1.1) isone example.
What looks revolutionary today, will seemcommon tomorrow. While it is interesting to
speculate on potential uses of new materials, it is clear that combined efforts of engineers
all around the world will revolutionize the civil engineering industry.11
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FIGURE 1.1:1.1: Carbon Shell Cable-Stayed Bridge Concept (Seible, 1996)12
1.3. Bond Strength and Its Importance for the Structural Reinforced Concrete
Reinforced concrete is one of the most important civil engineering construction
materials. The combination of rigidity, adaptability, economy, availability and generally
good durability, have resulted in its use in almost every type of structure. Concrete
possesses high compressive strength, yet it has low tensile strength.The addition of
reinforcing bars, strands or grids provides the necessary tensile strength and results ina
composite material known as reinforced concrete.
The transfer of forces across the interface between concrete and reinforcement is
of fundamental importance to many aspects of reinforced concrete behavior. The bond
between concrete and reinforcement is one of the most important conditions for the
success of reinforced concrete. Bond is the term for the load carrying and load transferring
mechanisms between the concrete and reinforcement in the longitudinal direction of the
reinforcing bars. Bond action becomes evident at the end anchorage of the reinforcing
units or in the regions near cracks (Figure 1.2). In such cases, the total force in the bar is
transmitted from the bar to the concrete or vice versa.
The location and spacing of cracks, tensile stiffness contribution of theconcrete
between the cracks, internal distribution of forces in structures, and load carrying ability of
the structural member are directly related to the stresses at the interface betweenconcrete
and reinforcement. These stresses are termed the bond stresses. The design of reinforced
concrete structures is based on the assumption that no slippage will occur between the
reinforcement and the concrete when a load is applied (Leet, 1990). In other words, it is
assumed that the reinforcement will undergo thesame tensile and compressive13
deformations as the concrete to which it is bonded. To achieve sucha behavior, the
concrete must exert shear stresses on the surface of the reinforcement. Figure 1.2 shows
the longitudinal equilibrium of the bar when the structure is subjected to bending
deformations. As can be seen the bond stressesbalance the tensile force in the
reinforcement caused by the bending action of the externally applied load.
In the analysis of reinforced concrete structures, usually the assumption of
complete compatibility between concrete and reinforcement is made. This assumption is
only valid in those regions where no or negligible stress transfer between the two
a)Initial Condition in Reinforced
Concrete Beam
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A 14dx
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FIGURE 1.2: Stresses in the Reinforcement by Bending Deformations14
components occurs. In cases of high stresses at the contact interface,near cracks or end
anchorages, the bond stresses are related to the relative displacement betweenconcrete
and reinforcement. These relative displacements, called bond slip,are caused by different
average strains in the concrete and the reinforcement.
1.4. Objectives
The purpose of this study was to analyzea variety of steel and FRP reinforcing
units to advance the knowledge of bond mechanism, bond failure modes,and parameters
influencing the bond strength between composite rebars andconcrete. Since the bond
mechanism between steel and concrete has been researched previously indetail, it was
considered herein for comparison only.
There is no consensus among researchers about the quality of bondbetween
concrete and FRP bars. Thus, one of the objectives of the studywas to compare, in terms
of bond, composite rebars to conventional steel and to judge the applicabilityof these bars
as reinforcing members in concrete structures.
The composite FRP bars possess mechanical propertiesvery different than that of
steel. This results in different bond behavior, governingparameters and failure modes.
Several parameters were investigated thatwere thought to influence the bond of FRP bars
to concrete, including: failure mode, concrete compressive strength, rebar diameter and
circumference/cross section ratio, embedment length (pull-outtests only), concrete clear15
cover, and microstructure of the composite rebars. The size effects accompanying the
bond behavior of FRP bars, the influence of the rebars microstructure, and the
insignificance of the concrete compressive strength on bond between composite bars and
concrete were among the phenomena not reported in the literature previously.
Particular emphasis was given to a hollow glass FRP rod designed at Oregon State
University. Design of the hollow bar was not a main objective, but accompanied the
progression of the study. Changes in the design parameters of the bar were accomplished
through iterative process of designing, manufacturing and testing. Evaluation of the tensile
properties, elastic modulus, and fiber/resin ratio of different prototypes of the hollow bars
was performed and reported here. These parameters were related to the bond strength
results of the particular prototype and their impact on bond behavior was analyzed.
The experimental part of the study was based on two bond strength test
procedures. A newly developed European bond test procedure (Appendix A)was
compared with locally modified version of the pull-out method. Thenew procedure was
used for the first time in the United States. Thus, its validation was imperative, since the
two methods result in different load transfer mechanisms between concrete and
reinforcement, failure criterion, and bond strength development.
Bond strength studies considered a wide variety of variables as shown below. Not
all combinations could be considered due to financial and time restrictions. However, it is
believed that the test program provided sufficient information and helped to finalize the
design of the hollow FRP bar.16
1.4.1. Specimen Variables
1. Rebar diameter.
2. Embedment length of the reinforcing unit.
3. Rebar deformations.
4. Micro structure of the reinforcement.
5. Circumference / cross-section ratio.
6. Concrete compressive strength.
7.Concrete clear cover.
8. Age at testing.
1.4.2. Reinforcing Units
1. Variety of solid glass FRP rebar, manufactured by the leading companies in theU.S.
2. Hollow glass FRP reinforcement with unidirectionalstructure.
3. Hollow glass FRP reinforcement with off-axis structure.
4. Hollow carbon FRP reinforcement with unidirectional structure*.
5. Hollow carbon FRP reinforcement with off-axis structure*.
6. Flat metallic reinforcing unit for CRCP application.
7. Various sizes of conventional steel rebars.
After initialtesting, carbon FRP hollow barswere dropped from further
consideration due to high cost and the preference givento glass FRP reinforcement in the
U.S.17
1.4.3. Reinforcement Variables
1. Fiber composition (E-glass / epoxy and carbon / epoxy).
2. Fiber orientation and layering (off-axisvs. unidirectional).
3. Deformation pattern.
1.4.4. Testing Procedures
1. Pull-out (OSU modification).
2. European bond strength testing procedure (SOLLAC, 1994).
1.5. Changes in Research Directionsas the Study Proceeded
When this research began almost threeyears ago, the application of composites in
civil engineering were novel. Research in the field ofFRP reinforcement at that time was
very limited, consisting of few studies and test results reportedat conferences. A
systematic approach was lacking, particularly concerningthe research reported herein.
Some research was underway at universities and companiesmanufacturing composites,
but most results were kept confidential due to pendingpatent rights. In the last few years,
research results have been published and additionalinformation made available. During
this short period of time a number of organizations andinstitutions related to many aspect
of composites in civil engineeringwere formed. The American Concrete Institute (ACI)
Committee 440- FRP Reinforcementwas formed and began work on guidelines and18
standards for design of concrete structures reinforced with FRP. An American Societyof
Testing and Materials (ASTM) sub-committee for test procedures and specifications
regarding FRP was established. The Society of Polymer Industries (SPI), the Composite
Institute (CI), supported numerous symposia devoted to differentaspects of composite
materials. International efforts in FRP developments, codes, specifications, andtest
methods between different countries from North America, Europe and Asiaare now
coordinated by the International Research on Advanced Composites in Construction
(IRACC).
The composite FRP rebars research at Oregon State Universitywas initiated in
1993 principally to develop a non-metallic hollow reinforcement (U.S.patent 5 593 744).
It was recognized that the tensile properties of such reinforcementare unquestionably
superior to steel, but its performance in concrete (bond strength, crackingpatterns, etc.)
could be problematic. The bond between FRP rebars andconcrete was identified as a
critical area of concern.
The firststep taken at Oregon State University (OSU) was to evaluate
commercially available FRP rebars. In 1994very few companies in the United States
offered composite bars. Almost immediately it was recognized that the ASTMC234-90
standard, so often cited by researchersas pull-out test for bond strength determination
(Abrishmi and Mitchell, 1992), is nothing but test ofconcrete strength.Therefore, a
modified pull-out test was developed for evaluating the bond strength behaviorof FRP
bars (Appendix B). As a result of this initial research, basic knowledgeabout the
performance of FRP bars in concrete was accumulated.19
This study demonstrated a phenomenon, not reported in the publishedresearch at
this time, and defined later on as a size effect. A complicated mechanism, thesize effects
result in lower bond strength with increasing area of the interface between FRP bars and
concrete. These observations were the first indication that the bond mechanism between
FRP reinforcement and concrete differs significantly from that of steel rebars. Thesize
effects are now widely recognized as a phenomenon influencing the bond properties of
FRP bars.
As the study proceeded and knowledge was gained, the need fornew method of
testing bond that more closely reproduces the bond strength development in reinforced
concrete structures was recognized. French steel manufacturer developeda bond strength
testing procedure suitable for the research needs. The procedurewas verified and
compared to the previously used pull-out test through various conventionaland
unconventional steel reinforcing units. When shown to work satisfactorily, themethod was
used to study composite rebars.
The next phase of the research was principally dedicated to theper formance of
hollow glass FRP rebar, designed at Oregon State University and manufacturedlocally.
The goal was to compare bond properties of these barsto the conventional solid FRP
bars. A variety of hollow bars made with glass and carbon fibers, differentdeformation
patterns, and fiber orientations were evaluated. Studying the bond behavior of the hollow
glass FRP rebars led to two new phenomena not described in the literaturepreviously. It
was noted that the concrete compressive strength does not significantly affect the bond
strength if sufficient concrete coverwas provided. This observation was in general20
contradicted with what is known from the bond strength theory betweenconcrete and
steel, which considers the concrete strength as major variable affecting the bond. The
second observation revealed significant difference in bond performance between hollow
FRP bars with different fiber orientations. It appeared that the microstructure of the
reinforcement plays an important role in the bond transfer mechanism.
The composite FRP rebars for structural applicationsare new and rapidly evolving
field in the civil engineering practice. Mechanisms and phenomena associated with FRP
reinforcing units which were unknown or controversial fewyears ago are well accepted
facts now. Testing techniques are constantly evolvingas the field advances. As a result,
the research focus has shifted over the course of the last threeyears. To encourage timely
dissemination of the results gathered at each stage of the study, resultswere presented and
published as they became available. Thus, the core of this dissertation is four articles
dealing with various aspects of bond strength determination and the variables influencing
bond performance of FRP rebars in concrete.
1.6. Scope
The scope of the dissertation includes eight chapters.
Chapter 1 includes introduction and background of composites and bond strength,
objectives, scope and limitations of this study.
Basic properties, prediction models, and design principles of composite materials
are presented in Chapter 2. Physical characteristics of FRP bars are also included.21
Chapter 3 emphasizes on bond strength mechanism of conventionalsteel
reinforcement. Mechanism and prediction of bond strength, influencingfactors, failure
modes, and techniques for evaluating bond strengthare outlined. This chapter describes
the advantages and limitations of various techniques used to determine thebond strength
between reinforcement and concrete, and necessity of unifiedtest method. Emphasis is
given to a new technique for bond strength testing, presented in "ANew Procedure for
Evaluating the Bond Strength of Reinforcement" (Kachlakev,et al., 1996).
Chapter 4 introduces the specifics of bond strength development betweenFRP
bars and concrete. Factors influencing the bond strength,types of failure, evaluation of
bond between FRP reinforcement and concreteare described in this chapter. Basic
comparison between steel and FRP reinforcement is provided.
Theoretical aspects of size effects and their impacton bond of FRP rebars to
concrete are discussed in Chapter 5. Size effects observed during this studyare described
in "Bond Strength Investigations of Different Glass-Fiber ReinforcedRebars in Concrete"
(Kachlakev and Lundy, 1995).
Chapter 6 provides case studies and theoretical background regardingthe influence
of the concrete compressive strengthon bond between FRP bars and concrete. Test
results on bond performance of steel and FRP bars, and the influenceof the concrete
strength on their behavior are presented in "Evaluation of BondCharacteristics of Steel
and Glass-Fiber Reinforcing Bars" (Lundy and Kachlakev, 1996).22
Chapter 7 discusses the influence of FRP bars microstructureon bond strength to
concrete. Test results and computer simulations are presented in "Bond Strength Study of
Hollow Composite Rebars with Different Microstructures" (Kachlakev and Lundy,1997).
Chapter 8 summarizes the conclusions of thisstudy and provides some
recommendations for future research.23
2. COMPOSITE MATERIALS
2.1. Introduction to Composites
A structural composite is a material system consisting oftwo or more phases on a
macroscopic level, whose mechanical properties and performanceare designed to be
superior to those of the constituent materials acting independently.One of the phases is
typically discontinuous, stiffer, and stronger and is called reinforcement,whereas the less
stiff and weaker phase is continuous and is called matrix. Sometimes,because of chemical
interaction or other effects, an additional phase, called interphace,exists between the
reinforcement and the matrix (Figure 2.1).
Continuous phase
(matrix)
Dispersed phase
(reinforcement)
Interphase
FIGURE 2.1: Phases of a Composite Material24
Properties of a composite material depend on the properties of the constituents,
geometry, and distribution of the phases. One of the most important parameters is the
volume (or weight) fraction of the reinforcement. The distribution of the reinforcement
determines the homogeneity of the material system. The more nonuniform is the
reinforcement, the more heterogeneous is the composite material and the higher is the
probability of failure in the weakest area. The geometry and orientation of the
reinforcement affect the anisotropy of the system. The phases of the composite materials
have different roles that depend on the type and application of the composite material. In
the case of low performance composite material, the reinforcement, usually in form of
short fibers, provides some stiffening but only local strengthening of the material. The
matrix is the main load bearing constituent governing the mechanical properties and
performance of the composite material. In case of high performance structural composites,
the reinforcement usually consists of continuous fibers which determine the stiffness and
strength of the composite in the direction of fibers. In such cases, the matrix phase
provides protection of the fibers and transfers local stresses from one fiber to another.
The initial materials (constituents of the composite) are typically homogenous and
isotropic; their properties are not a function of their positionor orientation. On the other
hand, the composite material is typically heterogeneous, anisotropic, and their properties
depend on position, orientation and reinforcement volume.
Among the main reasons for using composite materialsare improved strength,
stiffness, corrosion and wear resistance, fatigue life, reduced weight and improved thermal
behavior of the resulting structure. One of the most important features of the composites25
is their "tailored" behavior. Properly designed, they allow control of the properties of the
material according to specific needs.
On the macromechanical scale, in which the composite material is treated as quasi-
homogeneous, its anisotropic behavior can be an advantage. The average material
behavior can be predicted and controlled by the properties of the constituents. However,
the anisotropic analysis is complex and results often depend on the computational
procedure used (Daniel and Ishai, 1994).
When viewed on the fiber scale (micromechanics), the composites have the
advantage of high stiffness and strength. For example, ordinary plate glass fracturesat
stresses of only few thousand pounds per square inch, while glass fibers have strength of
2.8 to 4.8 GPa (400 000 to 700 000 psi) in commercially available forms (Jones, 1975).
The paradox of a fiber having different properties from the bulk form is due to themore
perfect structure of the fiber. The fibers usually have a low fracture toughness which is
enhanced in the composite form by the matrix ductility. The stress transfer capability of
the matrix enables development of multi-site failure mechanisms.
The analysis of composite structures requires input of theaverage material
properties.Predicted properties of composites are based on the properties and
arrangement of the constituents. However, experimental verification is necessary. Unlike
the conventional materials which have only two elastic constants and two strength values,
typical composites possess a large number of material parameters. The large number of
degrees of freedom enables material optimization, but at thesame time makes the analysis26
more complex. In contrast, the optimization of the conventional materials is typically
limited to a few degrees of freedom, usually the geometricparameters.
2. 2.Basic Properties of Composites
Table 2.1 ranks the structural performance of conventionalmetals, ceramics, and
polymers. Clearly no single materialpossesses consistent advantage for a given
application. Thus, it would be beneficial to combine materials ina way that utilizes the
best of each constituent.
2.2.1. Properties of Fibers
A fiber is characterized geometrically by its high length-to-diameterratio. A large
variety of fibersareavailableas reinforcement tocomposites.The desirable
characteristics of most reinforcing fibersare high strength, high stiffness, and low density.
Each type of fiber has its own advantages and disadvantagesdepending upon their
manufacturer, strength, modulus, and density. Figure 2.2 showsthe relationship between
specific modulus and specific strength ofsome of the most common fibers.TABLE 2.1: Structural Performance Ranking of ConventionalMaterials
(Daniel and Ishai, 1994)
Property Metals Ceramics Polymers
Bulk Fibers
Tensile strength + ++ v
Stiffness ++ v ++
Fracture toughness + v +
Impact strength + v +
Fatigue endurance + v + +
Creep v v + +
Hardness + + +
Density + + + +
Dimensional stability + v +
Thermal stability v + ++
Hygroscopic sensitivity ++ v + v
Weatherability v v v +
Erosion resistance + + +
Corrosion Resistance v .v +
++, superior; +, good; , poor; v, variable.20
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FIGURE 2.2: Performance Map of Fibers Used in Structural Composite Materials
(Daniel and Ishai, 1994)
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Glass fibers are commonly used in structural composites because of their high tensile
strength and low cost. They are somehow limited for high performance applications due to
their relatively low stiffness, and properties degradation when exposedto severe
hydrothermal conditions (Daniel and Ishai, 1994). However, for civil engineering29
applications, glass-fibers possess sufficient properties. If not properly coated with resin
their durability in high alkaline environment is questionable.
E-glass and S-glass are the two types of fibers used in the civil engineering. S-
glass fibers posses higher strength and elastic modulus (Figure 2.2), mainly dueto better
quality control during manufacturing. Most fibers behave linearlyup to failure. Figure 2.3
shows the stress-strain behavior of some of the most popular fibers. One important
property of the fibers related to strength and stiffness is the ultimate strain at failure
because it influences the strength of the composite.
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FIGURE 2.3: Stress-Strain Curves of Typical Reinforcing Fibers (Daniel and Ishai,1994)30
2.2.2. Properties of Matrices
Epoxy resins are used widely in structural applications. Their attractivefeatures for
composite applications include good strength, excellent mechanicalproperties, chemical
resistance, dimensional stability, low shrinkage comparedto unsaturated polyesters, good
adhesion to a variety of reinforcing fibers, and low materialcost (Billmeyer, 1984).
The resin protects the reinforcing fibers, whichare typically rigid and brittle. More
importantly, the resin distributes an applied load and actsas stress-transfer element so that
when an individual fiber fails, the composite does not loose its loadcarrying capability.
Durability, shear, compressive and transverse strengthare also provided by the matrix
resin. To fulfill these functions,fiber-matrix interface and adhesion are of great
importance. The properties of the matrix thatare critical for the performance of the overall
composite are elastic modulus, tensile, compressive and shear strength,toughness, yield
and ultimate elongation, chemical resistance, thermal and moistureresistance.
The most commonly used matrices in compositesare polymeric. Polymers are long
molecules that contain a chain of atoms held together by covalentbonds, with carbon
normally being in high proportion. The carbon atomsare connected together to form long
chains and extensive networks. Hydrogen atomsare attached to the chains. Thermosets
are cross-linked polymers that form tightly bound three dimensional network (Moukwa,
1996). Polymers can be divided into twogroups, thermosets and thermoplastics. Typical
thermoset matrices are epoxies, polyester, polyamide. Thermoplasticsare represented by
polysulfone, and poly-ether-ketone. Thermosetsare used for quick-curing systems, while31
while thermoplastics are more compatible with hot formingand injection molding
fabrication methods.
Thermosettingresinsaretypicallyassociatedwithexpensivemultistep
manufacturing processes. They exhibit low toughness, high moisture sensitivity,low shelf
life, and require complex repair methods. However, thermosettingsare generally harder
and less flexible than thermoplastics. They are usually solvent resistant and donot melt
when heated. They cannot be easily shaped after polymerization, and thereforeare
polymerized in the mold in the final shape.Thus, the thermosets are preferred for
structural applications.Table 2.2 summarizes some of the physical properties of the
thermosetting resins.
Resin Density Tensile Eu E Long term
(kg/m3) (MPa) (%)(GPa) use temp. (°C)
Polyester 1.2 50-65 2-33.0 120
Vinylester 1.15 70-80 4-63.5 140
Epoxy 1.1-1.4 50-90 2-83 120-200
Phenolic 1.2 40-50 1-2 3 120-150
These are properties for unfilled resins; r. is the ultimate elongation; E is the modulus of elasticity
TABLE 2.2: Physical Properties of Some Thermosetting Resins Used inStructural
Composites (Moulcwa,1996)
Thermoplastic resins offer single step processing, good toughness,almost no
moisture absorption, simple repair methods, and multiple reformingprocesses. However,32
thermoplastics exhibit sudden change in properties when heated. Thus, theyare not
suitable for application in civil engineering practice.
2.2.3. Properties of Typical Composite Materials
The quality of performance of composite materialscan typically be rated on the
basis of specific strength and specific modulus. A representation ofthe performance of
typical structural composites is shown in Figure 2.4.
Specific modulus, (108in.)
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FIGURE 2.4: Performance Map of Structural Components
(Daniel and Ishai, 1994)
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The variation shown correspond to the variation between quasi-isotropicand
unidirectional laminates. As can be seen, most composites have higher specificmodulus
and specific strength than metals. Direct comparison between glass/epoxy composites
(used mainly in FRP rebars) and steel is shown in Table 2.3.
TABLE 2.3: Properties of Glass/Epoxy Composites and Steel (Jones, 1975)
Property E-Glass/EpoxyS-Glass/EpoxySteel
Fiber Volume Ratio 0.55 0.5
Density, g/cm3 2.1 2.0 7.8
Longitudinal Tensile Strength, MPa 1080 1280 394
Compressive Strength, MPa 620 690 394
Longitudinal Moisture Expansion 0 0
Longitudinal Thermal Expansion, 1 e/C 7 5 11
Composite materials have many characteristics thatare different from the
conventional engineering materials. Some characteristicsare merely modifications of
conventional materials, while others requirenew analytical and experimental procedures.
Most common engineering materials are assumed to be homogeneous andisotropic, i.e.,
their properties are not a function of positionor orientation. In contrast, composite
materials are often both heterogeneous and anisotropicto such a degree that the
differences cannot be ignored.
Some material properties, such as density, haveno directionality and are described
by a single value for both isotropic and anisotropic materials. Fibercomposites exhibit
significant anisotropy. On the other hand, properties suchas stiffness, strength, Poisson's34
ratio, moisture and thermal expansion, and electricalconductivity are associated with
direction and are a function of orientation in anisotropicmaterials. The largest differences
typically occur between properties in longitudinal andtransverse directions.
Table 2.4 shows elastic and shear moduli and Poisson'sratio for some conventional metals
and composites used for structural applications.
TABLE 2.4 :Elastic and Shear Moduli, and Poisson Ratio's for ConventionalMetals and
Composites (Daniel and Ishai, 1995)
Material E2 G12 G13 G23 v12
Aluminum 10.4010.403.38 3.383.38 0.33
Copper 17.0017.006.396.396.39 0.33
Steel 29.0029.0011.2411.2411.240.29
Graphite/Epoxy20.001.30 1.03 1.030.900.30
(AS/3501)
Graphite/Epoxy19.001.50 1.000.900.900.22
(T300/934)
Glass/Epoxy 7.802.60 1.25 1.250.500.25
Boron/Epoxy 30.003.00 1.50 1.500.60 0.25
Note: Values of the moduli are in msi= 1 million psi; 1 psi= 6.895 kN/m2
E.;,and vii - elastic moduli, shear moduli, and Poisson's ratio inthe corresponding directions
2. 3. Design Principles for Composite Materials
Compositematerialsaretypicallyevaluatedfrom twopointsof view;
micromechanics and macromechanics, dueto their heterogeneous nature. Micromechanics
studies the composite behavior by examining theinteraction of the constituent materialson
a microscopic level. Macromechanics is a study of the compositematerial behavior
wherein the material is presumed homogeneous and theeffects of the constituent materials35
are detected only as average properties of the composite (Jones, 1975). Compositescan
be analyzed at each one of the described scales,or both, depending upon particular needs.
For basic structural analysis in civil engineering, the materialsare typically approximated
with their average properties, i.e., macromechanical analysis.However, to study the effect
of anisotropy, micromechanical analysis is often required.The effect of different fiber
orientations on bond strength between concrete and glassFRP rebar is considered in
Chapter 7 of this study. A schematic diagram of the various levels ofanalysis is shown in
Figure 2.5.
The anisotropy (most often only orthotropy for civil engineeringconsiderations) of
composite materials lead to mechanical behavior quite differentfrom that of conventional
materials. The behavior of isotropic, orthotropic, and =isotropicmaterials is shown in
Figure 2.6.
For isotropic materials, normal stressescause extension in the direction of the
applied stress and contraction in the perpendicular direction.Shear stresses cause only
shear deformations.
For orthotropic materials, loaded in the principal materialdirection (which
coincides with the direction of fibers), normal stress results inextension in the direction of
the applied load (stress) and contraction in directionperpendicular to the stress. However,
due to different properties in the two principal materialdirection (longitudinal and normal
to the fibers), the contraction can be eithermore or less than that of a similarly loaded
isotropic material with the same elastic modulus in the directionof loading. Additionally,
the magnitude of the shear deformations is independentof the Young's modulus and the0
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FIGURE 2.6: Mechanical Response of Various Types of Materials Subjected to Normal
and Pure Shear Loading (Daniel and Ishai, 1994)38
Poisson's ratios. Unlike isotropic materials, the shear modulus ofan orthotropic material
does not depend on other material properties.
For anisotropic materials, application of normal stress leadsnot only to extensions
and contractions, but also produces shear deformations.Conversely, applied shear stress
causes extension and contraction in addition to the shear deformation. This coupling
between both loading and deformation modes is also characteristicof orthotropic material
subjected to normal stress in a nonprincipal material direction(off-axis loading).
In the most general case the stress and straincomponent, representing the behavior
of the composite materials, are related by the generalizedHook's law:
where:
Cfij = Ciju Bidandei; = S1cru (Eq.2.1)
j, k, 1= 1, 2, 3;
Cijki - stiffness components;
- compliance components.
In general, there are 81 elastic constants neededto characterize a composite
material fully. However, since IN= qi and c, = cji,the number of independent elastic
constants is reduced to 36.
In the case of a specially orthotropic material (with threemutually perpendicular
plane of material symmetry), the number of independentelastic constants is reduced to
nine, as various stiffness and compliance coefficientsare interrelated. Most of the39
composite materials for structural applicationsare analyzed assuming these conditions.
Thus, the following assumptions can be made withrespect to stress-strain relationships:
1. No interaction exists between normal stresses and shearstrains, i.e., normal
stresses acting along principal material directions produce only normal strains.
2. No interaction exists between shear stresses and normalstrains, i.e., shear
stresses acting on principal material directions produce only shear strains.
3. No interaction exists between shear stresses and shearstrains on different
planes, i.e., shear stresses acting on a principal plane produceonly a shear strains on that
plane.
The stiffness and compliance components (Cijki and Six ) havemore physical than
engineering meaning. The relationships between these mathematicalconstants and the
engineering constants, i.e., moduli and Poisson's ratios fortwo dimensional state of stress
are as follows (Jones, 1975):
S11= 1 / El; S12- V12 / V21 / E2; Sn = 1 / E2, and S66= 1 / G12
C11 = E1/(1- V12 v21); C12= v12 E2/(1- v12 v21); C22 = E2/(1- v12 v21); C66 = G12
where:
(Eq.2.2)
El, E2 - Young's moduli in directions longitudinal andperpendicular to the fiber
orientation, respectively;
v12 - Poisson's ratio for strain in direction 2 when stressed in direction 1;
G12- shear modulus.40
In order to analyze a composite material, the values of the four independentconstants are
needed as an input.
The experimental determinations of the elastic constants and consequently the
strength of a material are based on uniaxial stress state. However, the actual state ofstress
of these materials involves at least biaxial if nota triaxial state of stress. Some of the
biaxial strength theories, typically used in analysis and design of composite materials,are
the maximum stress theory, maximum strain theory, Tsai-Hill theory, and Tsai-Wu theory.
In all theories, the material, although orthotropic, must be assumed homogeneous (Jones,
1975). Thus, some of the microscopic failure mechanisms cannot be accounted for.
Under off-axis loading, the stress imposed on the material must be transferred in
the principal material directions. According to the maximum stress theory, thestresses in
the principal material directions are obtained by transformationsas follows (Tsai, 1968):
where:
al = a cos29; a2 = G. sin20; t12 = G. sinecose (Eq. 2.3)
A - angle of the fiber orientation;
a. - stress in the direction of the applied load;
al , a2 , t12 - stresses in the principal material directions.
A unidirectional reinforced composite material, subjected to off-axis loading is
shown in Figure 2.7.41
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FIGURE 2.7: Off-Axis Uniaxial Loading of CompositeFiber-Reinforced Material
(Jones, 1975)
Maximum strain and the other strength theoriesconsider similar modifications in
cases of off-axis loading or off-axis fiber orientations. Detailsare shown elsewhere (Jones,
1975, Daniel and Ishai, 1994).42
A flow chart for calculation of the elastic engineeringconstant in the general case
of off-axis loading is illustrated in Figure 2.8. The inputconstants El, E2, v12, and G12 are
obtained by characterization tests. Then, relations shown in Eq 2.2are used to obtain the
reduced principal compliances and stiffnesses Si; and co. Transformedstiffnesses and
compliances S.3, and C.3, are calculated accounting for the off-axis fiber orientation.Finally,
the transformed engineering constants E.3,are calculated with the help of system of
equations listed elsewhere (Daniel and Ishai, 1994).
[E11,2
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FIGURE 2.8: Flow Chart for Determination of Transformed ElasticConstants of Fiber-
Reinforced Composite Material Under Off-Axis Loading
(Daniel and Ishai, 1994)43
2. 4. Micromechanical Prediction of Elastic Constants
Elastic constants of composites can also be predicted using micromechanics.The
parameters affecting the strength of composite materials are:
1. Shape of fibers
2. Size and concentration of fibers and matrix
3. Orientation of fibers
4. Bond between continuous and disperse phases
Obviously, it would be difficult to describe thegeometry of the composite system
accounting for all those factors. A variety of methods havebeen used to predict the
properties of composite materials. The approaches fall intothe following general
categories (Hashin, 1983):
1. Mechanics of materials
2. Numerical
3. Self-consistent field
4. Bounding
5. Semi-empirical
6. Experimental
The mechanics of materials approach is basedon simplifying assumptions of either
uniform strain or uniform stress in the constituents. The mechanicsof materials approach
predicts adequately the longitudinal modulus and Poisson's ratio,since these properties
are not sensitive to fiber shape and distribution (Hashin, 1983). On the other hand, this
approach underestimates the transverse and shear moduli. Since theother approaches are44
either very time consuming, give unrealistic resultsor both, the mechanics of materials is
the most widely use method, and the only methodconsidered herein. Two variations of
this procedure are widely used: the parallel model andthe series model. Each is described
below.
2.4.1. Parallel Model
Properties in the fiber directionare dominated by the fibers that are usually
stronger, stiffer, and have a lower ultimate strain. The stiffness andstrength are predicted
using the rule of mixtures. Assumptions made in theparallel model satisfy the isostrain
conditions, i.e., the strains in the continuous (reinforcement)and discontinuous (matrix)
phases are equal. Also, ideal bond between them isassumed. Thus, the following
equations can be used to determine the longitudinalmodulus of fiber-reinforced composite
material:
where:
==
ac / 6, = (a, V!) / Er + a, (1-V,) / e,
Ec= VrEr + (Eq.2.4)
Ec, Er, and E.- the moduli of elasticity of the composite system, reinforcement and
matrix phases, respectively;
Vf and V.- the volume ratios, respectively.45
Figure 2.9 shows volume element loaded in the direction of fibers.
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FIGURE 2.9: Representative Volume Element Loaded in the Fibers Direction
(Jones, 1975)
2.4.2. Series Model
In the case when loading is normal to the fiber direction, thestate of stress in the
matrix surrounding the fibers is complex and affected by interactionwith neighboring
fibers. The transverse modulus of fiber-reinforced composites isa matrix-dominated
property and sensitive to local stresses. The series modelassumes that a, = ar = am, i.e.
stressesresulting from a certain load in the composite system, reinforcingand matrix
phases are equal. Thus, the series model is also called isostress model.46
Since the stress is applied in the direction perpendicularto both matrix and fibers
(Figure 2.10) it follows that loadedareas of the fibers and the matrix are equal, i.e., Ac =
A. = Am. Unlike the isostrain model, the strains in the matrix and fibersare different.
where:
cc = sr V, + e..V.,
a. / E. = (ar / EV, + (am / Ein)V,
(1 / Ec) = I (V1/ Ei), (Eq.2.5)
Vi and Ei - volume fracture and modulus of each constituent.
Equation 2.5 models the transverse modulus of elasticity of thecomposite system.
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FIGURE 2.10: Representative Volume Element UnderTransverse Loading (Jones, 1975)47
Of course, these two models represent the limiting conditionsof loading and fiber
orientation. Real properties vary between theseextremes. Elastic properties of composites
vary with fiber orientation. Typically, the elastic modulus of glass/epoxycomposite
decreases monotonically from its maximum value at 8= 0° to its minimum value at 8 =
45°, and increases again to a local maximumat 8 = 90°.The shear modulus exhibits
maximum at 8 = 45° and reaches its minimumat 8 = 0° and 90°.Poisson ratio of
glass/epoxy composite has minimum values at 8= 0° and 8 = 90°, and peaks at
approximately 0 = 45°.Figures 2.11 and 2.12 show the elasticconstants for typical
glass/epoxy composite as a function of the fiber orientation (Danieland Ishai, 1995).
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FIGURE 2.11: Young's Modulus and Shear Modulusof Glass/Epoxy as a Function of
Fiber Orientation (IBM style 142/FR-4), (Daniel andIshai, 1995)48
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FIGURE 2.12: Poisson's Ratio and Shear Coupling Coefficientof Glass/Epoxy as a
Function of Fiber Orientation (IBM style 142/FR-4)
(Daniel and Ishai, 1995)
2. 5. Properties of Composite FRP Rebars for StructuralApplications
Fiber-reinforced polymer (FRP) rebars offer several uniqueadvantages for solving
many engineering problems in areas where conventional materials donot perform well.
Unlike steel rebars, FRP bars are unaffected by electrochemicaldeterioration (Ehsani et.al,
1993; Erki and Rizkalla,1993). FRP rebars resist thecorrosive effects of acids, salts, and
similar aggressive materials under a widerange of temperatures. Other features of FRP
rebars include high strength, better fatigue behavior,no electric conductivity and low
thermal expansion, low weight andeconomy. However, durability of glass FRP rebars is
still in question.49
2.5.1. Tensile Strength
Tensile properties of glass or carbon FRP rebars dependon the type of epoxy
resin and fibers being used in their manufacture, fiber volume, strandtype (tow or roving),
maximum elongation, Young's modulus, density, etc.
The tensile strength of glass fiber-reinforced plastic (GFRP) rebars ison the order
of 690 MPa (100 ksi) to over 1170 MPa (170 ksi), which is higher that Grade60 steel
(Erki and Rizkalla, 1993; Pleimann, 1991).Porter and Barnes (1991) reported 900 to
1400 MPa (130 to 202 ksi) ultimate tensile strength for E-glass rebar withfiber content
from 50 to 80 percent, respectively. Somepapers report even higher values (Erki and
Rizkalla, 1993). For example, the products made by Polystal (Germany)exhibited tensile
strengths of 1.67 GPa and 2.09 GPa (245 to 305 ksi) fortwo different modifications,
respectively. The products of Cousin Frete (France) have been reportedto have strength
of 1.0 to 1.6 GPa (145 to 232 ksi) (Marshall Vega Corp., 1990). Thedesign strength of
E-glass fibers is in order of 1700 MPa to 3500 MPa (250to 500 ksi). For S-glass fibers
these limits are even higher.
The reported tensile strength of carbon-fiber reinforced polymer(CFRP) rebars
(Liskey, 1991; Yamada et al., 1995) is in the vicinity of 0.8 GPato 1.8 GPa (117 to 265
ksi). The high strength of these bars provides adequate reinforcingin concrete structures
and makes them suitable for use in pre-tensioned and post-tensionedconcrete members.
However, durability, fire resistance andcreep behavior of these rebars need further
research and evaluation.50
The tensile properties of glass-fiber reinforced rebarsvary with the diameter of the
rebar. The ultimate nominal strength decreasesas the size of the rebar increases. An E-
glass FRP rebar with 50 percent fiber volume shows ultimate tensilestrength of 897 MPa
(130 ksi) for #3 rebar and 552 MPa (80 ksi) for #7 rebar (Fazaand GangaRao, 1990).
This phenomenon may contribute to the brittle modeof failure on the concrete-
reinforcement interface observed in some studies (Kachlakevand Lundy, 1995; Bazant
and Sener, 1995).
2.5.2. Modulus of Elasticity
The modulus of elasticity of the reinforcement playsan important rolein
reinforced concrete structures. Here the modulus of elasticityis defined as the ratio of the
maximum stress at failure to the corresponding strain. Thus,the ultimate longitudinal
tensile strain of the composite rebars isan important parameter. Usually reported values
for the E- modulus of GFRP rebarsare from 20 to 56 GPa (3000 to 8100 ksi) and around
135 GPa (20 000 ksi) for CFRP rebars (Malvar, 1995;Erkiand Rizkalla, 1993).The
ultimate tensile strain is in the vicinity of 2.0 to 3.5 % for theGFRP and around 1.5-2.0 %
for the CFRP. For comparison, the elastic modulus ofsteel, Grade 60 is 200 GPa (29 000
ksi), and the elongation at failure is about 10%.
Typically, the stress- strain diagram is linear almost to failure.Failure normally
occurs at less that 3.5 % strain for glass FRP rebars and around 1.5 % for carbonFRP
rebars. The lack of ductility limits the allowable workingstress for FRP rebars to 200 MPa
(30 ksi) which is about 30 % of the ultimatestress (Hirai, 1992).51
The lower modulus of elasticity of glass FRP rebars could havea detrimental effect
on reinforced concrete structures. Concrete members reinforced with these bars could
deflect more and exhibit extensive cracking. However, theirhigh strength and the high
coefficient of safety (about 1.65) recommended for design withglass FRPbars can
compensate for the low elastic modulus.
2.5.3. Shear Strength
Shear strength and shear modulus are of particular importance forfiber-reinforced
layered plastics designed to work ina direction different than that of the principal material
direction,i.e.,off-axis rebars.With certain combinations of fiber-orientation, the
corresponding elastic and shear moduli will result in material havingsuperior properties
than that of the constituent materials. Accordingto Kretsis (1987), the shear strength of
unidirectional glass FRP rebars is usually 55-58 MPa (380to 400 ksi).
2.5.4. Low weight and higher strength-to- weight ratio
The specific gravity of FRP rebars is one-fourthto one-seventh to that of steel
reinforcement with equivalent diameter. The ratio of strengthto mass density is 10 to 15
times greater than that of steel.52
2.5.5. Fatigue Behavior
Fatigue behavior of FRP rebars isvery good.Carbon and aramid fiber
reinforcement have a fatigue characteristicsas much as three times higher than steel
(Kretsis, 1987). These rebars do not fatigue when stressedto no more than 1/2 of their
ultimate strength.The fatigue strength of glass FRP reinforcement hasnot been
researched in details.
2.5.6. Electrochemical Resistance and Thermal Expansion
Unlike steel, FRP rebars are unaffected by electrochemicaldeterioration.They
possess excellent electrical insulating properties and do notcause interference with
electrical or magnetic fields. The coefficient of thermalexpansion of glass FRP rebars is
4.0 x 10 -6 PF ( 7.1 x 10 4PC).
In brief, the advantages of the FRP rebarscan be summarized as follows: excellent
corrosion resistance, high ratio of strength tomass density, excellent fatigue behavior, low
axial coefficient of thermal expansion. Some of thedisadvantages associated with these
rebars are: high initial cost, particularly for carbon FRP rebars,low modulus of elasticity
(glass FRP),long term strengthcan be lower than short-term strength.53
2.5.7. Durability of FRP Rebars
The use of FRP materials may providea corrosion resistant alternative to the use
of steel as tension reinforcement in structuralconcrete. Composites appear to exhibit
excellent resistance to aggressive environments that normallycause corrosion of typical
steel reinforcement. However, questions of other potentialconcern with regard to the use
of FRP materials have surfacedas the result of the alkaline nature of concrete and in turn
the potential degradation of FRP bars. The high pH of theporewater solution (pH of 12.5
to 13.0) created during hydration of concrete is of particularconcern (Ballinger, 1991).
Study at Iowa State University, in collaboration withU.S. Army Corps of
Engineers Waterway Experiment Station, evaluated the agingdegradation of three
different glass FRP rebars in concrete (Porteret al., 1996). The investigations showed that
accelerated aging in a highly alkaline environment significantlyreduces the ultimate
maximum strength and strain capacity of glass FRP rebars,while not having apparent
influence on the modulus of elasticity. Probably,deterioration of tensile propertieswas
attributed to the efficiency of the resin encapsulationof the glass fibers. The relative
complex geometrical shape of the specimens tested inthis investigation made a perfect
resin seal difficult to achieve. The researchers believethat the selection of a proper resin /
fiber system is extremely important for thesuccess of glass FRP rebars.
Takewaka and Khin (Takewaka and Khin, 1996) concludedthat there is a fair
possibility of deterioration tooccur by alkali attack not only to glass FRP rods but alsoon
the other kinds of FRP. The loss of strengthof carbon and aramid FRP bars varies
according to the type of the rod and fiber/matrixsystem. Some of the rebars examined54
during this study showed 20 to 30 percent decrease instrength, while others were not
affected at all by the alkaline action of thepore solution in concrete.
Unlike previous studies, Rahman et al., (Rahman,et al., 1996) reported that the
tensile properties of glass and carbon FRP reinforcementremained unaffected by the
environmental conditions, i.e., salt and alkali solutions, UVradiation, wet-dry cycling, and
freeze-thaw action. As part of the study the researchershave tested FRP rebars subjected
to a sustained tensile stress while exposed toa saline-alkaline solution. The residual tensile
strength of the specimens afterone year exposure was determined. FRP specimenswere
found to lose a small fraction of their initial tensile strength.55
3. BOND STRENGTH MECHANISM OF CONVENTIONALREINFORCEMENT
3. 1. Mechanism of Bond Strength
A review of the classical bond theory and St. Venant's Principle(Goodier, 1937;
Brown, 1966) suggests that bond failure is a mechanism of crack propagationassociated
with failure of the concrete matrix, and it is governed by theconcrete shear strength.
After local failure occurs, any resistance is provided by frictionas a concrete-
reinforcement or concrete-concrete interface phenomenon. In other words,when initial
load is applied to the reinforcement, it is resisted by the steel-concretecomposite body. If
the concrete body surrounding the reinforcement has enoughclear cover, the portion
resisted by the reinforcement is negligible comparedto the portion resisted by concrete.
At a certain point the concrete shear resistancecannot sustain the load and local bond
failure occurs.
Factors contributing to the bond strength are adhesion, friction, andbearing of the
rebar deformations against the concrete. The contribution of eachof these components
varies with the level of stress in the reinforcement. Under lightstress, the bond resistance
is primarily due to chemical adhesion. Under higherstress and after the adhesion is
broken, some slight movement between the reinforcement and theconcrete (bond slip)
occurs. At this point the bond is provided both by friction and the rebar deformations
bearing against the concrete. As the stress increases, the bearingresistance becomes more
significant.56
occur in a brittle manner when the tensile stresses in the concrete reach its tensilestrength.
The behavior of a beam with unbonded reinforcementis shown in Figure 3.1.In this
hypothetical case the unstressed bar will slipa distance A at each end relative to the
stressed concrete. The width of the crackat the midspan will equal 2A as the beam splits
into two sections.
Unbonded bar
FIGURE 3.1: Failure Due to Lack of Bond BetweenConcrete and Reinforcement
(Leet, 1990)
Bond stresses vary in magnitude along the lengthof the reinforcement. Stresses
vary as a function of the rate at which the tensile force in the reinforcementchanges from
section to section. Changes in bendingmoments and development of cracks in the
concrete cause the tensile force in the reinforcement tovary thus inducing a variable bond
stresses at the surface of the bar. In regions where the bendingmoment change rapidly, the57
shear stress is consequently high. Thus, the tensile force in the reinforcementundergoes
significant changes over a short distance, causing large bond stresses.
The influence of cracking on bond stress is shown in Figure 3.2. At thecross
section directly through the crack the total tension force is carried by the reinforcement
alone. At the cross section that remains intact on either side of the crack the tension is
carried both by the reinforcement and the uncracked concrete. Therefore, the tension in
the reinforcement in these areas is reduced by an amount equal to that carried by the
concrete. To balance the difference in tension forces between the cracked and uncracked
sections, bond stress must develop. It is self-evident that the bond stresses would bezero
over the crack width since there is no contact between the reinforcement and the concrete.
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FIGURE 3.2: Influence of Flexure Crackingon Bond Stress (Leet, 1990)58
The conventional representation of the bond stressesas a longitudinal shear stress
is a simplification of the bond phenomenon. This approach neglects the high radialstresses
created by the bearing of the rebar deformations against theconcrete and acting on the
circumference of the bar. The action of these radial stresses typically produces longitudinal
cracks in the concrete surrounding the reinforcement.
3. 2. Factors Influencing the Bond Between Concrete and Steel
Reinforced concrete depends on the combined action of theconcrete and its
embedded reinforcement forsatisfactory operation as construction material.This
composite action is produced by bond stress at the interface of thetwo materials. The
stress in the tensile reinforcement in a cracked concrete member is modified by the bond
between the steel and its surrounding concrete in sucha way that its value varies from a
maximum across the crack to a minimum ata point about halfway between adjacent
cracks. Between the cracks, where the strain in the reinforcement is reduced, theconcrete
contributes to the tensile resistance of the concrete section. Theamount of concrete's
contribution depends on the spacing between the cracks, the strength ofconcrete, and the
bond characteristics of the reinforcement.
The bond stress between steel reinforcing bars and concrete is dependentboth on
the slip and the stress in the reinforcement. Two alternative basic hypotheseshave been
used in the past. In one of them the bond stress is consideredto be a linear function of slip
(Nilson 1971; Mirza and Houde, 1979). In the other hypothesis it isassumed that the bond
stress is related only to the steel stress (Glanville, 1913). Bond stress behavior actually59
combines these two phenomena. A unique bond stress-steel stress-sliprelationship
hypothesis is put forth by Kankam (Kankam, 1997).
Bond stress and strength between steel and concreteare influenced by concrete
strength, confinement effect, rebar geometry (shape, deformation spacing, faceangle and
dimensions), and test methods (Hamad, 1995; Darwin and Graham, 1993).Since
investigations of bond between conventional steel reinforcement andconcrete is not a
subject of this study, no further discussion will be considered.
3. 3. Failure Modes
Another issue that deserves attention is the mode of failure of thereinforced
concrete specimens. Clear separation between the contributing modes, suchas slippage
between reinforcement and concrete, internal shear-off of theconcrete, or tension failure
of the reinforcement is needed to predict which parameters of the specimen,properties of
the concrete, and reinforcement influence bond failure themost.Currently the bond
strength is predicted on the basis of concrete strength.
When the structural element is loaded, forcesare transferred from the reinforcing
bar to the concrete primarily by inclined compressive forces radiatingout of the bar. This
force transfer mechanism was recognized by Abrams (Abrams, 1913).This mechanism is
illustrated on Figure 3.3. The radial components of these inclinedcompressive forces are
balanced by circumferential tensile stresses in theconcrete surrounding the bar. The ability
of a deformed bar to transfer its load into the surroundingconcrete is typically limited by
the failure of the ring of tension when the thinnestpart of the ring undergoes splitting60
failure. However, if a relatively small diameter bar is embedded ina large block of
concrete, the bar might pull-out of the concrete due to concrete shear failure alonga
cylindrical surface at the bar deformations Figure 3.4.
FIGURE 3.3: Pullout Specimen and Force Transfer Mechanism (Abrams,1913)
The direction of the bearing stresses is influenced by the slope of thedeformations.
The concrete reaction results in a force inclined to the longitudinalaxis of the bar at an
angle, which is usually between 45 and 80 degrees. Thus, thenormal component of the
bearing stresses is larger (or at least equal) to the longitudinalcomponent. The verticalSpitting failure
Pull-out failure
Printer/ crack
internal. crack
61
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force components on bar
force on concrete
Internal cracking
Pull-out failure surface
FIGURE 3.4: Modes of Failure Between Concrete and Reinforcement
(Abrishami and IYfitchell, 1992)62
component of the bearing stresses creates tensile stresses in the surroundingconcrete and
typically produces longitudinal splitting. Most likely, the splittingtakes place along an axis
passing through the center of the rebar to the thinnestconcrete cover. This could be outer
wall of the concrete section or the distance to the adjacent reinforcingunit. Increasing the
thickness of the concrete cover results in the possibility ofa pull-out type of failure, rather
than a splitting type failure. Usage of low strengthconcretes increases the chances for a
pull-out failure. In such cases, the concrete between the rebar ribs willshear-off or will be
crushed.
Experimental studies (Goto, 1971), conductedon steel reinforcement, indicate that
pull-out failure developed when the concrete clearcover is greater than 2.5 bar diameters
(2.5d) and the spacing between bars is at least 5 bardiameters (5d). Under these
circumstances, the tensile resistance of moderateconcrete is typically greater than the
vertical component of the bearing stresses andno splitting failure is expected.
As a result of the discussion above the following conclusionscan be made to
predict the failure modes:
1. A combination of low to medium strength concrete and thinconcrete cover (less
than 2.5d) would possibly result in a split-type failure;
2. Concrete cover in excess of 2.5d combined with lowstrength concrete will
greatly enhance the possibility of a pull-out failure;
3. Clear cover greater than 2.5d in combination with highstrength concrete most
likely will create a conditions in which the expectedtype of failure depends on the
deformations angle. This angle will establish whichcomponent of the bearing reaction will63
dominate the failure mode. If the horizontal component of the bearingstresses exceeds the
concrete shear strength, a pull-out failure would take place. If the normal (vertical)
component is greater than the tensile resistance of the concrete, a split-type failure would
occur.
3. 4. Predictions of Bond Strength
The 1963 American Concrete Institute (ACI) Building Core (ACI Committee318,
1963) introduced a limiting ultimate bond stress to permit determinationof the
development length of reinforcing bars. The magnitude of thisaverage ultimate bond
stress was taken as a function of the square root of the concrete compressive strength and
was inversely proportional to the bar diameter. The 1971 ACI Building Code (ACI
Committee 318, 1971) introduced expressions for the required development length.The
development length expressions were modified in the 1989 ACI BuildingCode (ACI
Committee 318, 1989) to include the influence of clearconcrete cover, spacing between
bars,and the percentage of transverse reinforcement.These empirically derived
expressions were based primarily on pull-out tests.As several researchers have found
(CEB, 1981; Yankelevsky, 1985; Yerex et al., 1985), the bondstress distribution in this
type of test is not uniform.
Several researchers have performed pull-out testson very short embedment
lengths in an attempt to simulatemore closely uniform bond stress. Concern has been
expressed that these very short embedments give extremely high bondstrengths, which
may not be realistic and may give results with considerable variability (Bazant and Sener,64
1988). Obviously, it is not an easy task to successfully modelthe bond mechanism that
takes place in reinforced concrete structures ofany type (concrete pavements, bridges, or
building elements).
The investigation efforts are additionally aggravated and oftenfail because of the
unclear experimental procedures.The ASTM C 234- 86 when used for evaluation of
bond strength does not show satisfactorily results, basicallydue to the fact that this
standard has been created for evaluating the properties of thesurrounding concrete, rather
than to judge the interaction betweenconcrete and reinforcement.This lack of
standardization has forced scientists in this fieldto develop their own procedures
(Homayoun and Mitchell, 1992; Malvar, 1992; Jianget al., 1984; Brown and Bartolomew,
1993).The problem has been faced by investigators of conventionaland composite
reinforcement and other researchers testing non-standard reinforcement(Guerin, et al.,
1993; Aunis and Guerin, 1994; Kachlakev, et al., 1996).The uncertainties related to the
test configurations and procedures lead to highly variable results andinterpretations, and
inconsistent conclusions.
A variety of different test methods have been usedto quantify the bond strength
and to model the mechanism of bond failure.The objective of these testswas to
determine the local or complete bond-slip relationships.Typically, bond stress-bond slip
curves are derived from pull-out test, or other more complex setups, without regardfor
the lateral confinement exerted by the particularsetup (Malvar, 1994b; Giuriani, et al.,
1991; Robins, et al., 1982). Asa result, very disparate curves have been obtained which
are only representative of the particular setup used. Some successful experimentshave65
been based on torsion testing of concrete cylinders with axially embedded rebars (Brown,
1966).
Some investigators have reported results from testing the behavior of reinforced
concrete cantilever beams (Soroushian et al., 1991; Yang and Chen, 1988). Results from
these tests do not agree with predicted results or measured deflections and cracksizes
from other tests. The cantilever test specimens produce local tension forces in boththe
concrete and rebar. Usually this procedure requires complex design and manufacturing of
the test samples to prevent premature crushing, shearor moment failures during the tests
(Faza and GangaRao, 1990). Typically, the specimens fail dueto diagonal cracking of the
beams.
3. 5. Techniques for Evaluating Bond Strength
Extensive research has been conducted to identify the relationship betweenbond
stress versus bond slip and bond failure between reinforcement and concrete.
Perry and Thompson conducted a study to determine the distribution of bond
stresses between reinforcing bars and concrete in beams and pull-out specimens (Perry and
Thompson, 1966). Bond stresses were determined from the measured steelstresses along
the reinforcing bars. The steel stresseswere measured using a technique that did not
disturb the bond between the steel and concrete. This techniquewas a modification of that
used by Mains (Mains, 1951). The main objective of this studywas to determine the
correlation between the stress distribution in pull-out specimens and inthe reinforced
concrete beams at a crack in constant moment zones. The results suggested that in pull-66
out specimens, the point of maximum bond stress moved away from the loaded endas the
force in the bar increased. The location of the maximum bondstress for the same force in
the bars moved closer to the loaded endas the concrete strength was increased. The point
of maximum bond stress in the constant momentzone in a cracked beam occurred
approximately 1.5 in. from the crack and did not shift with increasedstresses in the steel.
The study found little similarity between the bondstress distribution in the pull-out
specimens and beams. However, the magnitude of the maximum bondstress in each case
was approximately the same.
Nilson (Nilson, 1968 and Nilson,1972) conducted research to developa
experimental means for establishing the relationship between the bondstress and bond slip.
Steel and concrete strain distributionswere measured. Bond stress was calculated from the
slope of the steel strain curve. The study found that the locationat which bond stress is
measured is an important variable. Separatecurves were generated at various distances
from the loaded end of the specimen (Figure 3.5). The study concludedthat for the same
slip, the bond stress varies as much as 100 percent dependingon the location.
Similarly, Clark reported results of tests conducted to obtain informationabout the
effects of rebar size, types of deformations, and strength ofconcrete on the bond behavior
(Clark, 1949). The bond slip was measured at the loaded andfree ends of the specimens
only. He found that the bond stress increasedas the end slip increased.67
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FIGURE 3.5: Progression of Bond Stress with Increasing Pull-outForce
(Mylrea, 1948)
Brown published a paper concerning the mechanism of bond failurebetween smooth or
undeformed steel rod and normal concrete (Brown, 1966). Themechanism of bond failure
was investigated by testing concrete cylinders with axially embedded steel rods and68
pipes in torsion. The study shows that bond failure isa mechanism of crack propagation
in the concrete matrix close to the interface. The crack propagationstarts at the first entry
point of the steel into the concrete and proceeds inward with increasingload.
The methods for predicting the bond behavior of reinforcedconcrete structural
members are typically based on the knowledge of the propertiesof concrete, the
reinforcing units, and the bond stress versus bond slip relationship.However, the
measurements of local bond stress and bond slip along a stressed reinforcing unitsare very
difficult to obtain and sensitive to experimentalerror (Somayaji and Shah, 1981).
Moreover, the bond stress and bond slip relationship has been observedto vary from
section to section (Nilson, 1968 and Nilson, 1972). Instead of assuminga unique bond
stress versus slip relationship, some researchers assumeda model to represent the bond
stress development and distribution.
Jiang, et al.,(1984) conducted an experimental and analyticalinvestigation to study
the bond characteristics of bond transfer in reinforcedconcrete members. To facilitate the
measurements of local slip and strain distribution in the concrete surrounding the interface,
a new type of specimen was developed (Figure 3.6). The reinforcing barwas split into two
halves and embedded in the opposite sides of theconcrete section. Strain gages were
glued onto the machined slots of each half. Bondstress was evaluated from the difference
in readings between adjacent straingages. A comparison of the results from these
specimens with those from more common tests showed thatmany of the important aspects
of bond transfer phenomena are identical. In thistest, the accuracy of the bond stress69
measurement depends much on the accuracy of measurement of steel strain. Sincethe
bond stress is only a small fraction of the steel stresses,a small error in measuring steel
strains will induce a large differences in the values of local bondstress.
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FIGURE 3.6: Bond Strength Test (Jiang, Shah and Andonian, 1984)70
Abrishami and Mitchell presenteda new testing technique that simulates uniform
bond stress distribution along a reinforcing bar (Abrishami andMitchell, 1992). The bond
stress (u) can be expressed as the change in the stress in the reinforcementover the length
(dx) as follows:
and hence
u(ndbdx) = A.(f; + df.)A.f.,
u = db d& / 4dx,
(Eq.3.1)
(Eq.3 .2)
where db and A. are the diameter and thearea of the reinforcing bar, respectively, and f. is
the stress in the reinforcement.
The equation demonstrates that the bondstress is proportional to the rate of
change of the stress in the reinforcement, i.e.,df; /dx. Hence, if the stress in the
reinforcement varies linearly, than the bondstress must be uniform. The technique used to
simulate uniform bond stress is shown in Figure 3.7. Thereinforcing bar is pretensioned to
an initial force level, then the concrete is cast around the bar. The specimen iscured before
testing. Tension is applied to the reinforcing barat the bottom of the specimen resulting in
a reduction in tension at the top. Thus, a linear variation in the strainson the reinforcing
unit is produced. The linear variation in strains resultsin a linear variation of stress in the
reinforcing bar thus producing uniformly distributed bondstress. The results showed that,
at small values of bond stress, the bottom slip is muchgreater than the top slip. As the
peak bond stress is approached, the measuredslip at the top approaches that of the71
measured bottom slip. The tests showed that for uniform bondstress the splitting type of
failure is more ductile than the pull-out type.
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FIGURE 3.7: Testing Technique for Simulating Uniform Bond Stress
(Homayoun and Mitchell, 1992)72
The studies on bond-slip often ignore the effects of radial stress and reinforcement
deformation. The strong dependency of bond-slip on those two variables impliesa
dependency of the previously described test methods on the particular size and
configuration of the specimens used. If inadequate confinement of the reinforcement is
provided, bond failure would occur as soon as the cracks spread through theconcrete
cover of the bar. With proper confinement, the bond stress will reach its maximum value,
then decrease as the concrete between the deformations progressively fails (Malvar,
1992). Some researchers (Doerr, 1978; Robins, et al., 1982; Eligehausen,et al., 1983;
Gambarova,et.al,1989) have chosen to address this with controlled transverse
confinement of the test specimens in order to provide an insight into its effecton bond.
Those studies reported a significant increase in bond strength with increasing
confining pressure. Like the previously described techniques, the bond strength results
from this approach are highly sensitive to test errors, confinement devices andpressures
being used.Additionally, they are not easy to conduct, and often do not represent the
most common conditions in the cracking zones of reinforced concrete structures. Indeed,
the lateral reinforcement reduces the radial stresses in the concrete, but still thestructure
fails due to crack propagation. It appears that those procedures do notrepresent and
evaluate the normal stiffness of the reinforced concrete surrounding the bar, but artificially
enhance the stiffness by confinement. As a result they predict bondstresses as much as
100 percent over other researches.73
3. 6. Conclusions
3.6.1. Limitations of the Existing Procedures
Regardless of the adopted method, many of the resultsare not comparable, mainly
due to the different, non-standard test procedures. Additionally,none of these procedures
closely reproduces the conditions to which the concrete and the reinforcementare
subjected in the cracking regions. The pull-out tests do not represent the actual behavior
of reinforced concrete beams, subjecting concrete to compression forces and rebarsto
tension forces. From the theoretical point of view, the mechanism of bondstrength
determination requires that the motion of the rebar be parallelto the concrete interface
with no normal components.Usually the pull-out tests are accompanied by Poisson
effects, which lead to rebar diameter reduction and therefore normal motion ofthe
reinforcement relative to concrete. This normal motioncan be largely obviated by use of
torsion tests where the composite body has axial symmetry. In pull-out and torsiontests
the crack initiates at the entry point of the reinforcement into theconcrete and propagates
inward with increasing the load.In both procedures the load is applied to the
reinforcement and thus the load is transferred from the steel to concrete. Obviously,there
are few similarities between those test procedures and the actual behavior of reinforced
concrete structure under sustained load.74
3.6. 2. Need For Unified Test Method
The shortcomings of the existing bond strengthtest procedures, large dispersion of
results and contradictory conclusions points to the need fora new unified technique. The
desirable characteristics of the new test methodcan be summarized as follow:
1. Simulation of the conditions to which concrete reinforcing barsare subjected in
the cracking zones of concrete members;
2. Minimum problems associated with test preparation and execution,i.e., low cost
molds, low weight, use of standard test tension equipment.
3. Reduced variability of the test results fromone specimen to another.
4. Suitable for any reinforcing type, i.e., conventional and non-standardsteel rebars
and FRP reinforcing units.75
3.7. A New Procedure For Evaluating The Bond Strength
Of Concrete Reinforcement
by: Damian L Kachlakev, James R. Lundy, Vincent Gillet, Alain Le Bon,
Yves Donon, Cyril Martinand, and Georges Guerin
3.7.1. Background
Pull-out tests are widely used to determine the bond strength betweenconcrete
and reinforcement (Malvar, 1992; Faza and GangaRao, 1990; Kachlakev andLundy,
1995).Other research relies on torsion testing of concrete cylinders with axially
embedded rebars (Brown, 1966).Still other bond strength results are available through
scale or full-size modeling of beams or columns. Regardless of the procedure utilized,the
reinforcing unit is subjected to increasing load either to failure of theconcrete, extraction
or tensile failure of the reinforcement or some combination of these.The load-
displacement or torque-rotation curves are used to determine the bondstrength.
Commonly reported variables include concrete properties, cross-sectionalarea of the
reinforcing unit, deformation patterns, embedment length of the rebar,concrete clear
cover, and age of concrete. Despite significant effort, a uniformly accepted procedure for
testing bond strength is not available.
Bond failure is often associated with a shear failure in theconcrete matrix and by crack
propagation throughout the specimen.The force-displacement response is commonly
non-linear, exhibiting softening behavior as loadingprogresses. The mechanism of bond
strength is commonly modeled assuming that the motion of the rebar is tangentialto the
concrete-reinforcement interface with no displacement perpendicularto the reinforcement76
axis.However, most pull-out tests are accompanied by Poisson effects,which lead to
rebar diameter reduction.
This normal motion is effectively reduced through theuse of torsion tests (Brown, 1966).
Nevertheless, failure in both pull-out and torsion tests initiatesat the point of entry of the
reinforcement in the concrete and propagates inward with increasingthe load. This occurs
because the load is applied to the reinforcement and thus theload must be transferred from
the unit to concrete. Failure occurs when thestresses involved in this transfer cannot be
sustained by the bond (mechanical and chemical) andcracking propagates through the
specimen along the rod.
Properly modeling the load transfer from concreteto the reinforcement is critical. This is
true for continuously reinforced concrete pavement (CRCP) sincepavement performance
is determined in part by limiting the maximum crack opening(AASHTO, 1993). In CRC
pavements tensile stresses are developed by several mechanisms includingvolume changes
(e.g., hydraulic shrinkage and thermal contraction) of theconcrete. The cracks are kept
tightly closed by the reinforcing unit until yieldingoccurs.The magnitude of and the
balance between the stresses causing cracking and thoseopposing them depends on the
crack spacing, coefficient of friction between the slab andthe underlying layer, modulus of
elasticity and tensile strength of the concrete, the mechanicaland geometrical properties of
the reinforcing units (AASHTO, 1993).77
3.7.2. Proposed Testing Procedure
The testing procedure used in this studywas designed for the particular needs of
testing CRCP reinforcement, regardless of its shapeor material type (Aunis and Guerin,
1994). The procedure simulates, as nearas possible, the conditions to which concrete
reinforcing units are subjected in the zone of the crack. This principlewas adopted in the
procedure presented herein through appropriate specimenarrangement, loading pattern
and rate of displacement control.
The procedure presented herein reduces the Poisson effects of thereinforcement by
reconfiguring the test specimen and themeans by which load is applied. The reinforcing
unit to be tested is not directly loaded by the test machine (Figure 3.8).Tensile force is
applied directly to the concrete using tie bolts embedded in theconcrete at each end of the
specimen. As a result, and due to the pre-established plane ofweakness, the concrete
transfers applied forces to the reinforcing unit. Thestress resulting from these forces leads
to crack initiation, propagation and eventual bond failure. As with the pull-outand torsion
tests, the tensile load relative to displacement (average crack opening) is the majorresult
from the test.
The mechanism of the new proceduremore closely emulates the conditions to which the
concrete reinforcing members are subjected in the crackingzone (i.e., continuously
reinforced concrete pavement (CRCP)). The reinforcing unit isembedded along the axis
of a cylindrical concrete specimen. Plastic film is insertedinto the fresh concrete at mid-
height perpendicular to the reinforcement.Tensile force is gradually applied to the
concrete, leaving the reinforcement undisturbed. The maximum load whenthe preformed78
crack is opened to 1.5 mm (0.06 in) and physical characteristicsof the concrete are the
basis for determination of the bond strength betweenconcrete and the reinforcing unit.
FIGURE 3.8: Bond Test Specimen Overview
3.7.3. Study Objectives
The objectives of this studyare to 1) assess the applicability of proposed procedureto
bond strength testing and 2) to determine thebond properties of a flat reinforcing unit
when embedded in concrete.79
3.7.4. Materials
The reinforcement used in this research studywas developed mainly, but not
exclusively, for CRCP applications. It is flat ribbon, having dimensions40 mm x 2.44 mm
(1.6 in x 0.1 in) and perimeter length of 85.1mm (3.35 in). The steel has a yield stress of
800 MPa (116,000 psi) and its surface has been protected againstcorrosion by a
continuous hot galvanization process (Aunis and Guerin, 1994).Compared with
conventional steel rebars this reinforcing unit has highercontact area/ cross-section area
ratio.The surface of the ribbon is deformed bya regular pattern of bumps and dimples
with a depth of 0.3 mm to 0.4 mm (0.011 in to 0.016 in)to increase bond strength.
Three different compressive strength concrete mixtureswere used in this study; having
design 28-day compressive strengths of 20.7 MPa (3000 psi),34.5 MPa (5000 psi) and
55.2 MPa (8000 psi). Coarse aggregate witha maximum size of 19 mm (3/4 in) was used.
Concrete mix details are shown in Table 3.1.Compressive and splitting tensile strength
tests (ASTM C 496, 1994, and ASTM C 192-90a, 1994)were performed after 28 days of
moist curing.
Bond strength test specimens were cast in 25cm diameter by 41 cm high (10 in x 16 in)
molds.Specimens were allowed to cure in the molds for 24 hours(+/- 2 hours),
demolded and wet cured for 27 days.80
TABLE 3.1: Concrete Mix Proportions
COMPONENTS 28-day Design Concrete Compressive Strength, MPa
(kg / m3) 20.7 34.5 55.2
Cement 275 330 450
Water 155 110 125
Coarse Aggregate* 1025 1060 1100
Fine Aggregate** 865 800 700
Plasticizer, (ml) 5810
Splitting Tensile Strength, MPa 2.4 3.0 3.7
Compressive Strength, MPa 23.3 37.9 54
Note: *- Maximum size =19 mm; Absorption = 2.9 %
**- Fineness Modulus = 2.80; Absorption = 3.8 %
1MPa = 145 psi
3.7.5. Specimen Preparation
A hard cardboard tubing is used as a mold for casting theconcrete specimen. The
height of the mold must be greater than 1.5 times its diameter. Varnishedwooden plates
30.5 cm (12 in) in diameter and 1.9 cm (0.75 in) thickare used for the base and cover of
the mold. The perimeter of the base andcover are equipped with four lugs arranged in a
circle having a diameter equal to the outer diameter of the casting moldto allow precise
centering of the mold. Holes are cut in the center of thetop and base plate to allow
accurate placement of the test reinforcing unit. Eight holes, 1.6cm in diameter (0.625 in)
were equally spaced around a circle of diameter 20 cm (8 in).
Eight tie bolts 19 cm (7.5 in) in lengthwere arranged in the holes provided in the base
plate and secured with washers and nuts. Next, the reinforcing unitto be tested was insert
in the axial hole in the middle of the base plate. The holewas sealed with a compound to
prevent leakage of concrete mortar.Approximately 50 percent (by weight) of the81
prepared concrete mixture was placed in the mold and vibrated with a needle vibrator for
15-20 second.The fresh concrete was leveled off, and a thin 0.15 mm (0.006 in)
polyethylene disc was placed over it. An axial hole was precut, corresponding to the cross
section of the reinforcement plus a margin of 5 mm (0.2 in).Air bubbles trapped under
the disc were removed. The rest of the concrete was placed and vibrated.Then, the
cover plate with the remaining eight tie bolts was positioned over the reinforcement.
The samples were left undisturbed for 24 (+/- 2) hours. Then they were demolded and
wet cured for 27 days. Compression and tensile test cylinders were prepared from the
same mixture, following ASTM standards (ASTM C 39-86, 1994).
3.7.6. Testing
The test specimens were attached to the testing machine at both ends through steel
plates using the embedded tie bolts. The steel plates themselves were in turn attached to
the MTS testing machine (Figure 3.9). Circumferential clamps were attached above and
below mid-height where the crack was expected to occur.Three LVDTs were arranged
at 120 degrees increments around the circumference of the specimen, as shown in Figure
3.10.In order to obtain good coincidence between the vertical axis of the specimen and
the vertical axis of the testing machine, all 16 nuts were tighten equally anda 2.22 kN
(500 lb.) pre-tension load was applied. At this point all LVDTs were zeroed. A tensile
force was applied using at a rate of 0.03 mm/min. (0.0012 in/min.).The test was
terminated when the average of the three LVDT readings showed the crack opening
reached 1.5 mm (0.06 in).82
FIGURE 3.9: Bond Test Equipment Set Up
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FIGURE 3.10: Schematic of Bond Test Specimen83
3.7 7. Results
Major results from this study are presented in Table 3.2.Three specimens from
each concrete strength group were tested. The actual 28 day compressivestrengths for
each of them are shown in Table 3.2. The results from the third specimen fromthe 55.2
MPa (8000 psi) group were discarded from consideration because ofa fabrication error.
Since a crack was preformed at mid-height, the embedment length is consideredto be 20.5
cm (8 in). The average loads at 0.25 mm displacement were 15.0 kN (3380 lb.), 24.5 kN
(5500 lb.) and 34.8 kN (7815 lb.) for concrete strengths of 20.7MPa (3000 psi), 34.5
MPa (5000 psi), and 55.2 MPa (8000 psi), respectively.The relationship between
concrete compressive strength and developed bond stress is shown in Figure 3.11.
Average bond stresses were 2.6 MPa (380 psi), 4.0 MPa (575 psi), and 6.1 MPa(885 psi)
for concrete strengths of 20.7 MPa (3000 psi), 34.5 MPa (5000 psi), and55.2 MPa (8000
psi), respectively.
TABLE 3.2: Bond Strength Properties of Flat Reinforcing Units
Concrete LoadDisplacement Bond Bond K-valueMYR
Compressive Strength Stress
Strength
(MPa) (kN)(0.01 mm) (N/mm) (MPa) (%)
22.5 39.5 25.53 194.08 2.35 40.91 60
23.2 40.1 25.73 197.23 2.39 40.94 70
24.1 52.6 25.32 259.00 3.14 52.76 71
33.9 50.2 25.58 247.10 3.00 42.44 66
36.5 74.2 25.68 365.23 4.42 60.45 100
43.4 75.2 25.78 369.78 4.48 56.13>100
52.6 91.8 25.78 451.15 5.47 >100
55.2 113 25.53 555.45 6.7 >10084
A K-value was calculated for each specimen tocompare the performance of the
flat steel reinforcing unit to conventional steel rebars andare presented in Figure 3.11.
This factor normalizes the data with respect to reinforcement size,embedment length, and
concrete compressive strength, and is determined by dividing the maximumdeveloped
bond strength (at particular level of displacement) by thesquare root of the concrete
compressivestrength.Conventionalsteelreinforcingbars have K- values of
approximately 30 (Leet, 1990). The limited testing conducted in thisstudy demonstrated
that the reinforcement unit had bond strengths varying 65to 118 percent that of
conventional steel reinforcement (see Table 3.2).
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Typical results are presented in Figures 3.12 to 3.14. Theupper portion of the figure
shows the average of the three LVDT readingsversus time; while the lower portion shows
the relationship between tensile force and displacement.Similar curves showing bond
stress versus displacement can easily be accomplished.
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FIGURE 3.12: Typical Tests Results for 20.7 MPa compressive strengthconcrete86
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The performance of each reinforcing unit is also described with a dimensionless
ratio, termed the Mobilization of Yield Resistance (MYR). The MYR is calculated using
Equation 3.3, where the yield resistance (YR) is the yield stress of the steel multiplied by
the cross-sectional area of the reinforcing unit.
Bond stress at a specified crack opening
MYR
YR
(Eq. 3.3)
This dimensionless ratio represents the efficiency of the bond developed between the
concrete and the reinforcing unit and directly governs crack opening size. For example, a
MYR of one (1.0) at a crack opening of 0.25 mm (0.01 in) would indicate that the entire
yield resistance of the reinforcing unit has been mobilized and plastic deformation is
emanate.
All specimens developed cracking at the middle plane as intended. However, specimens
from the 20.7 MPa (3000 psi) concrete strength group exhibited axial cracks as well as
transverse cracking. Typically, the axial cracks initiated at the edge of the reinforcement,
propagated along the diameter of the cylinder and ultimately through the half height of the
specimen until it joined with the horizontal crack (Figure 3.15). In all three lower-strength
specimens, axial cracking initiated at load level causing a transverse crack opening of
about 1 mm (0.04 in).None of the 34.5 MPa (5000 psi) and 55.2 MPa (8000 psi) group
specimens showed axial cracking (Figure 3.16).88
FIGURE3.15: TypicalFailure Modefor SpecimensHavingCompressiveStrengthsLess
than 21MPa
FIGURE3.16: TypicalFailure Modefor SpecimensHavingCompressiveStrengths Greater than25 MPa89
3.7. 8. Discussion
A review of the classical bond theory and St. Venant's Principle (Brown, 1966,
Goodier, 1937) leads to the conclusion that bond failure isa mechanism of crack
propagation associated with failure of the concrete matrix and is governed by theconcrete
shear strength.Furthermore, after local failure occurs, any resistance is provided by
friction.In other words when the initial pull-out (or torque) load is appliedto the
reinforcement, it is resisted by the steel-concrete composite body.If the concrete body
surrounding the reinforcement has enough clearcover,the portion resisted by
thereinforcement is neglectible compared to the portion resisted byconcrete. At a certain
point the concrete shear resistance cannot sustain the load and local bond failureoccurs.
An additional load applied to the reinforcing unitcauses additional transfer of load to the
concrete matrix and further crack propagation.
The bond failure mechanism observed in the procedure used for this study isessentially
the same, except that there is no load transfer action, since the tension force isdirectly
applied to the massive concrete body.Since the reinforcing unit is not attached to the
testing equipment, the entire load is resisted by the concrete portion of the composite
specimen. As in pull-out tests, local bond failure initiatesnear a crack, here at the center
of the specimen. As the load increases, the failure propagates in both directionsaway
from the crack. Unless the test is terminated, increasing load willcause local bond failure
over a larger and larger area along the concrete-reinforcement interface until complete
disintegration occurs.90
If the concrete compressive strength is sufficient,a split type of failure is not very likely in
the case of the procedure discussed herein, because of the large clearcover provided by
the concrete, and the irregular shape of the reinforcing unit. Accordingto the results from
this study, the concrete compressive strength has to be at least 34.5 MPa(5000 psi)in
order to prevent occurrence of axial cracking of the specimen.However, to take
advantage of the higher tensile strength of the flat reinforcing unit subject of thisstudy,
use ofconcrete with compressive strength of34.5 MPa (5000 psi) and higher is
recommended.Particularly in CRCP applications, the quality of theconcrete is
particularly important in CRCP to develop of the full potential of thereinforcement
without yielding.
The importance of MYR and K-values in CRCP designmust be recognized since most
design procedures determine the amount of steel basedon the allowable stress in the
reinforcement. A typical range from 0.5 to 0.7 percent reinforcement isaccepted as an
empirical standard (Peshkin, 1993).This range is based on performance of CRCP
constructed with round, deformed steel bars, having yieldstress around 413 MPa (60 ksi).
Since the new flat reinforcing unit discussed herein hasa yield stress of 793 MPa (115
ksi), it may provide a key performance benefit.
According to some authors, the crack spacing in CRCP is relatedto the ratio of bond area
to the concrete volume more than to percent of steel reinforcement alone (Won, 1988).A
simple comparison shows that for flat units, significnatlygreater bond area is provided per
unit area.91
It is evident that MYR increases with increase ofconcrete compressive strength.This
ratio is about 60 % to 70 % for 20.7 MPa (3000 psi) series specimens,increases to 100 %
(yield strength has been fully developed) for 34.5 MPa (5000 psi) specimens,and exceeds
100 % for 55.2 MPa (8000 psi) specimens, which suggests that the reinforcingunit is
yielding.
3.7.9. Conclusions and Recommendations
Three strengths of concrete reinforced witha flat steel unit were tested in order to
evaluate a unique bond strength testing procedure and the reinforcementitselfThe
results reported herein represent preliminary work using the newlydeveloped procedure,
as well as new type of reinforcing unit for CRCP applications andare not definitive nor
complete.
The procedure confirms the basic principles and theoretical hypothesesassociated with the
bond failure mechanism. The bond failure is driven by crackpropagation, initiating from
the point near the crack in the concrete body and advancingalong the concrete-
reinforcement interface with increasing load.
Bond strength increased with increasing compressivestrength.Cracks formed
perpendicular to the preformed crack when lower strengthconcrete 20 Mpa (3000 psi)
was used.Concrete compressive of strengths of at least 35 MPa (5000 psi)should be
used if the higher tensile strength of the flat unit isto be effectively utilized in CRCP
applications.92
The bond strength of the flat reinforcing unit,as described by the K-value, was found
satisfactory and comparable to conventional steel rebars. Variability of the K-valueresults
were higher than typcially reported values for conventional steel reinforcement. Further
testing is recommended in order to obtained additional results.
Further comparisons of results from this procedure and typical pullout and beam testing
should be completed to ensure broader acceptance of thenew method. The test used in
this study has been proposed as a standard bond test procedure inthe European
Community.Tests including conventional steel, composite glass, and glass/carbon
reinforcing units are underway at Oregon State University.93
4. BOND STRENGTH BETWEEN FRP REBARS AND CONCRETE
4. 1. Introduction
Corrosion of steel reinforcement embedded in concrete is recognizedto be the
main cause of concrete deterioration (Malvar, 1995). Sinceconcrete is porous, the
reinforcing steel corrodes when the structure is subjected to corrosiveagents, such as salt
water or deicing chemicals.As a result the reinforcing steel expands, damaging the
surrounding concrete. Additionally, the tension capacity of the reinforcement reducesdue
to the corrosion. This problem is particularly important if the reinforcement is subjected
to high stresses. A combination of high stress and intense corrosion will producestress
concentrations that may result in rupture of the reinforcement.If uncorrected, this
deterioration may lead to total failure of the reinforced concretestructure.
In North America, this phenomenon is accelerated in bridges and otherstructures
by the increasing use of deicing fluids. In order to inhibitor eliminate steel corrosion in
concrete structures, several techniques such as epoxy-coated rebars, synthetic membranes,
latex concrete, cathodic protection, special paints and sealants havebeen developed
(Schell and Manning, 1985). However, their long-term efficiency is stillquestionable with
regard to field experience.
In the United States, composite polymer reinforcement (particularlyglass fiber
reinforced) has been used as a substitution for steel. Recently, the plasticshave begun to
replace steel wires in many concrete based applications, mainly where thereinforcement is
spread relatively uniformly through the concrete member (meshes, continuousgrids)94
(Liskey, 1991). Similar practice is observed in Germany, Japan, Canada, Swiss andmore
recently in other countries (Meisseler and Wolff, 1991; Hirai, 1991). Lesscommon is the
substitution of fiber-reinforced polymer (FRP) rebars for steel bars, perhaps inpart due to
the fact that there is no sufficient body of published analytical and experimental dataupon
which to base designs.
An effective approach to eliminate the corrosion problems would beto employ
corrosion-resistant plastic rebars instead of steel rebars. Currently, FRP rebars have
emerged as a promising material to enhance the corrosion resistance ofconcrete
structures. Glass and carbon fiber-reinforced polymer (GFRP, CFRP) bars offer great
potential for use in reinforced concrete structures under conditions whereconventional
steel- reinforced concrete has resulted in unacceptable serviceability problems.
The use of round FRP bars for reinforcing concrete has been limited, inpart, due
to the unknown bonding characteristics.Some researchers (Larralde, et al.,1988)
expressed concerns that FRP rebars lack adequate bond whichwould eliminate the
composite behavior of FRP-reinforced concrete members. Other investigators foundthat
bond of FRP rebars to concrete is not inferior compared to steel rebars (Malvar,1994a;
Faza and GangaRao, 1990; Kachlakev and Lundy, 1995). Thus, they concludedthat FRP
reinforcement can provide an attractive alternative to steel for structural applications.95
4. 2. Local Bond-Slip Law and Types of Failure Between FRP Rebars and Concrete
The local bond-slip can be subdivided in four different stages. The failure mode
possibilities associated with each stage are also different (Figure 4.1).
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FIGURE 4.1: Local Bond-Slip Law for FRP Reinforcement (Tepfers,1997)
Stage one of the bond stress-slip curve is associated with small values of bond
stress. At small level of bond stress of up to200psi (Lutz et.al,1967;Gambarova and
Karakoc,1982),the bond is mainly assured by chemical adhesion andno slip occurs.
Stage two is associated with larger bond stress. At this stage the chemicaladhesion
breaks down, and the deformations of the rod surface transfer bond forcesby mechanical
friction provided by the lugs and the surface deformations. Thus, theyinduce bearing96
stresses into the concrete as was described earlier. Transverse micro cracks originate at
the tips of the lugs allowing the bar to slip relative to the concrete. At thisstage the
wedging action of the lugs still remains limited. Since the FRP reinforcement hasa lower
modulus than steel, it may not cause so many cracks in the concreteat the lug tips. The
bond performance of FRP reinforcement in this stagemay be better than that of steel
rebars.
At stage three the bond induced bearing forces subtendan angle a, with the bar
axis (Figure 4.2). These bond forces or stresses can be resolved into radial and tangential
components. The radial forces are counterbalanced by a concrete ring under tension.
When tensile strength of the concrete is reached, the concrete ring will crackat its thinnest
part. In case of pull-out specimens with eccentric placement of the reinforcement, the
concrete cover along the bar usually cracks. The slip of the bar relative to concrete will
considerably increase when such a cracking takes place (Tepfers, 1973; Tepfers,1979;
Tepfers, 1980 and Tepfers, 1982).
FIGURE 4.2: Schematic Representation of the Balancing Forces Between theRadial
Bond Forces and Tensile Stress in Concrete (Tepfers, 1997)97
Stage four of the bond stress-slip curve is associated with values around the peak
of the curve. Four types of failure can be distinguished at this stage.
First type failure is related to splitting of the concretecover. It appears at loads
higher than the load which causes the cover cracking along the bar. The crackedconcrete
cover along the bar will fail under the pressure exerted by the bond forces from the
anchored FRP rod. A splitting path will be formed. The failure load could be estimatedby
balancing the radial stress from the bar against the minimum effectivearea of concrete
resisting the stress. When the cover is split, the load will drop tozero, and the bond stress-
slip curve will show a sudden loss of stress.
The second type of failure is caused by shear failure in concrete along the lugs of
the bar. If the splitting resistance of the surrounding concrete is high enough,then bond
failure will occur as a shear failure along the perimeter of the bar lugs. This bondstrength
is the maximum possible for a given combination of rebar andconcrete parameters. Such a
failure is typically observed on pull-out specimens withvery short embeddment length. As
previously stated, the resulting values of bond strengthare usually unrealistically high and
do not represent the actual behavior of reinforced concretestructures. This phenomena is
probably due to the compacting of crushed concrete around the deformations,so that the
shear failure zone is moved outward relative to the concrete-reinforcementinterface and
thereby the resistance increases. This type of failure is not often observedfor FRP
reinforced concrete specimens because of their softer surfaces and considerablePoisson
effects in comparison to that of steel bars.98
A third type of failure is due to shearing off the deformations in FRP rods.If the
shear resistance of the surrounding concrete is high enough, then the bondfailure is
governed by a shear failure through the rod deformations which isa function of the shear
resistance of the resin (or combination of resin and fiber reinforcement in the
deformations). For such a failure to take place, the concrete has to have higher shear
strength than the shear strength of the lugs. This would bea clear indicator of poor
manufacturing or design of the reinforcement, and usually is not acceptable in reinforced
concrete practice.
For the descending branch of the bond stress-slipcurve, the coefficient of sliding
friction and its change in the shear failed surface will determine the resistanceof the
specimen and the slope of the curve. In cases where the shear failure isa combined failure,
i.e., concrete and deformations, the frictional resistance will graduallydecrease with
increasing slip.
A fourth type of failure is caused by failure in the surface of the FRP bar for units
with a sand coated surface layer. These typically givesvery good bond to concrete, but
may be peeled off by failure in the resin underneath the sand layer. This is typical for FRP
sand coated bars, since the stresses developed at the sand-resin layerare higher than the
stresses in the concrete-sand interface.
4.3. Case Studies of Bond- FRP Reinforcement and Concrete
The most simple and widely used method of determining the bondstrength
between concrete and FRP reinforcement is through theuse of pull-out tests (Brown and99
Szabo, 1968; Malvar, 1992). Some investigators have reported results for FRP reinforced
beams (Nawy, 1977; Kanakubo etal.,1993; Benmolcrane and Masmoudi, 1996).
Regardless of the method, the reinforcing unit is subjected to increasing load eitherto
failure of the concrete, extraction, tensile failure of the reinforcementor combination of
these. The load-displacement curves are used to determine the bond strength. Commonly
reported variables include concrete properties, nominal diameter of the reinforcing unit,
deformation pattern, embedment length of the rebar, concrete clearcover, and age of
concrete.Many of the results are not comparable, mainly due to the different,non-
standard test procedures.The interaction between concrete and FRP rebars is the
cornerstone for establishing designing procedures and recommendations for broader
application of composite rebars. Due to the different mechanical properties of theFRP
rebars, their performance when embedded in concrete is not fully understood.
Faza and GangaRao (1991a and 1991b) conducted series of laboratorytests on
cantilever and simply supported concrete beams reinforced with FRP rebars (Figure 4.3).
The major emphasis of these tests was to evaluate the stress-strain behavior,load-
deflection variation, load carrying capacities, crack patterns, modes of failure, andbond
strength.Rectangular beams weretestedunder purebending,usingdifferent
configurations of FRP reinforcement, suchas rebar size, and type of rebar (smooth and
ribbed). The cantilever beams were designedso that no shear or moment failures were
expected to occur. The load was applied in small increments. Strainswere recorded, and
crack pattern was sketched at each load stage. The testwas stopped when the rebar could
not hold any additional load and slippage was evident. The results from thepure bending100
showed crack development at uniform intervals, which is a clear indication that there was
no bond failure between FRP rebar and concrete. The cantilever beam tests resulted in
plots showing the bond stress versus the net slip. The study concludes that the ultimate
moment capacity of the high strength concrete beams, i.e., 52 MPa (7500 psi) was
increased by 90% when FRP rebars were used in lieu of mild steel rod. There are no
conclusions drawn regarding the bond strength comparison between steel and FRP
reinforcing units.
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A study of the bending capacity and bond strength of FRP-reinforcedconcrete
specimens was reported in 1993 (Brown and Bartholomew, 1993). Flexural behaviorwas
studied using simply supported FRP-reinforced beams under third-point loading. Some
splitting of the concrete surrounding the reinforcing bars did take place, but therewas no
conclusive evidence that the beams failed prematurely due to loss of the bond. Bond
strength was investigated by conducting pull-out tests (Figure 4.4).
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The load was applied at a constant rate until the bond between the reinforcingbar and
concrete was broken. In all tests conducted with lower strength concrete, bond failure
resulted when slippage of the reinforcing bar occurred, with littleor no visible surface
cracking. On the other hand, in those specimens tested with higher strengthconcrete, little
or no slippage of reinforcing bars occurred, although specimens did exhibit significant
cracking and splitting of the surrounding concrete. The study concludedthat the
specimens from the stronger concrete exhibiteda greater bond strength. Also, the
specimens with longer embeddment length had approximately 20percent higher nominal
bond strength. K-values were used to normalize the results withrespect to bar size,
embedment length and concrete compressive strength. Basedupon the generally favorable
overall results, the study concluded that FRP reinforcementcan provide an excellent
alternative to steel rebars.
Pleimann ( Pleimann, 1991) performed a series of teststo determine the tensile
strength, modulus of elasticity, and bond strength of FRP (glass and aramid)rebars. The
bond strength was evaluated by pull-out tests. Embedment lengths varied from100 to 300
mm (4 to 12 in.) in 50 mm (2 in.) increments.Each bar size and embedment length
combination was repeated at various concrete strengths. For eachtest, a K-value was
calculated. The change in the K-value with bar size, observed in this study,indicates size
effects associated with bond strength. Thecauses of the scale factor are not immediately
evident. An examination of these causeswas outside the scope of Pleimann's project. The
variation may be influenced by the relative amount of Poissonreduction of the bar
diameter for varying bar sizes.103
Ehsani, Saadatmanesh, and Tao (1991) conducteda large study on bond of glass
FRP rebars to concrete. The test program included several variables,such as concrete
compressive strength, bar diameter, and clearcover distance. Pull-out and splitting failure
modes were observed. In addition, the effect of bending radius forhooked bars and the
extension of the hooks was investigated. Limited results indicate that thebond strength of
glass FRP rebars is lower than that of steel. The study showed thatFRP rebars generally
undergo larger slips due to the lack of well defined lugson their surfaces. For hooked
bars, the longer the radius of the bend, the higher the stiffness of thespecimen.
Kanakubo, Yonemaru, Fukuyama, Fujisawa, and Sonobe (1993)investigated the
bond performance of concrete members reinforced with FRPrebars through an
experimental program consisting of three series oftests. Three types of fiber materials
have been used, namely: carbon, aramid, and glass.
First, pull-out tests were carried outon a single bar located near the surface of a
concrete block. The test objective was to evaluate the bond splitting strengthof FRP
reinforced concrete without lateral reinforcement. Testresults showed that the bond
splitting strength can be estimated using the ratio of lug heightto diameter of FRP bars.
This finding contradicts the conclusion made by Darwinand Graham (1993) that the bond-
slip response of reinforcing bars isa function of the relative area of the bars, independent
of the specific combination of rib height and rib spacing.
The second test was conductedon cantilever type specimens. The test evaluated
the increase in bond strength caused by lateral reinforcement.Test results show that the
tendency of the bond splitting strength without lateral reinforcementis equal to that104
obtained from the pull-out test. The increment of the strengthcaused by lateral
reinforcement can be evaluated in terms of its percentage and elastic modulus of the lateral
reinforcement.
Finally, antisymmetric tests of beams, reinforced with FRP rebars,were carried
out. The bond performance of the longitudinal bars showed a good correlation with the
results obtained from the previous two test series.
The study concluded that the bond splitting strength of bearing resistanttype FRP
bars is the same as deformed steel bars. Elastic modulus of FRP bars hasno influence on
bond splitting strength in case of the simple pull-out tests. However, the increasein bond
splitting strengthcaused by lateral reinforcement can be evaluated using the elastic
modulus of the reinforcement.
Benmokrane, et al.(1996) researched concrete beams reinforced with four
different nominal diameters of glass FRP rebars. Additionally, the distributionof tensile
and bond stresses along the embedment length of glass FRP rebarswas investigated using
pull-out tests. It was found that the distribution of bond stresses along the embedment
length is not linear. Results indicate that bar diameter affects bond ina manner similar to
that observed in steel bars. Furthermore, the bond strength of glass FRPrebars is lower
(60 to 90 percent) than that of steel reinforcement.
Benmokrane and Masmoundi (1996) presented an experimental evaluation of bond
properties of a FRP composite rebar, termed C-BAR. The FRP reinforcing barswere laid
in pairs in a prismatic wooden mold, one bar at the bottom andone at the top. The idea
was to evaluate the modification factor related to top-cast rebars on one hand, and bond-105
slip on the other. Two V-shaped steel beams were attached on the inside of the moldon
opposite faces in order to create a weak median plane in the concrete. The formswere
removed 24 hours after the concrete was cast, and the concrete blockwas split into two
specimens, corresponding to the top and bottom rods. This technique is described in
Chaallal and Benmokrane, 1993. The displacement of FRP rods was monitored by Linear
Variable Differential Transducers (LVDT) during pull-out testing. The study concluded
that the overall bond strength of C-BAR was 15.8 MPa (2290 psi) withan average top-
cast modification factor of 1.1.
Malvar (1995) evaluated the bond characteristics of four different glass FRP
rebars. Local bond stress-slip data, and bond stress-radial deformation datawere obtained
for varying levels of confining pressure (Figure 4.5). A radial confiningpressure on the
specimens was provided via a thin ring which surrounds the concrete cylinder. The
longitudinal reaction and the radial confinement were controlled and measured separately.
Prior to test, the concrete cylinder containing the reinforcementwas precracked by setting
the bar surface pressure of 3.5 MPa (500 psi) and pulling on the bar until longitudinal
splitting occurred. After cracking, the confining pressurewas set at the desirable level and
maintain constant during the remainder of the test. The test setup assumed that after
cracking all the pressure from the confining ring is transferred to the bar. The study
concluded that the yielded bond stresses are up to five times the concrete tensile strength,
similar to that obtained with steel bars. Additionally, the research found that the bond
strength can be increased threefold by increasing the confiningpressure. For the cases106
studied, the bond strength in steel bars was 1.2 to 1.5 timesgreater that bond strength on
FRP bars for the same amount of confinement.
Malvar (1992) reported additional researchon bond strength under controlled
confinement. The test procedure is similar to theone previously described. Twelve No.6
steel bars embedded in a 3-in. diameter concrete cylinderswere tested. Configuration-
independent bond stress-slip relationships fora short five-lug embedded length were
obtained for various degrees of confinement. The study found that thebond stress
increased significantly with applied confiningpressure, indicating the necessity of
considering radial stress on the bar as a modeling parameter. The maximum bondstress
was increased by 200 percent by increasing the confining stress from 3.5 MPa (500 psi) to
31 MPa (4500 psi).
Soroushian, et al. (1991) summarized the results ofan experimental study on the
effect of confinement on the local bond stress-slip characteristics ofdeformed bars. The
spacing of transverse steel was used as the measurement of confinement. Thestudy used
No.8 deformed bars partially bonded inside concrete. The bonded lengthwas long enough
to reduce the scatter of test data, and short enough to producea uniform bond stress and
slip. A plastic sheet was placed inside the concrete at the level of theembedded bar to
create an artificial crack (as would be caused by bond stresses of the adjacent bars) outside
the confined core area of test specimens. Unlike the research conductedby Malvar, this
study concluded that concrete does not directly influence the local bondbehavior.3 in
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4. 4. Factors Influencing the Bond Strength Between FRP Rebars and Concrete
4.4.1. Physical Characteristics of FRP Bar
Shape of the bar (round, flat rectangular or specially shaped) has significant impact
on bond strength. Some experiments conducted on flat steel reinforcement (Aunis and
Guerin, 1994; Kachlakev et al., 1996) suggest significant bond increase due to increased
surface area versus cross sectional area ratio. However, flat bars might exert increased
splitting forces on the concrete. When splitting occurs, the slip increases and the ultimate
bond resistance decreases.
It is generally expected that larger bar diameter will promote greater bond
strength.Sometimes the rebar size dictates the failing mode.In case of FRP
reinforcement, the combination of large clear cover and small rebar diameter may lead toa
tensile failure of the bar. Balance between the rebar tensile ultimate strength, and rebar
diameter is of greater importance for FRP rebars, since in such materials, the tensile
carrying ability per unit length decreases with increasing bar size (size effects).
The size and type of rebar deformations (lugs) constituting the roughness ofa FRP
rod are important parameter for bond. Small surface deformations givea very intense
bond transfer at low loads. However, for higher loads, when the rod experiencessome
Poisson effects, or a splitting crack develops in the concrete cover along the bar, these
small deformations may not provide sufficient grip. This will result in sudden bond failure.109
The structure of the bar lugs or surface deformations has important impacton the
bond resistance. The deformations can be made out of resin only, resin mixed with
strengthening fiber reinforcement in the lugs (usually randomly distributed), and resin
reinforced with longitudinal continuous fibers in the surface deformations.In the latter
case the lugs are an integral part of the rebar's body and usually perform very well.
4.4.2. Material Characteristics of FRP Reinforcement and Concrete
In some cases the shear resistance of the lugs of FRP reinforcement determines the
ultimate load that the bar can carry before bond failureoccurs. If so, an increase of the
thickness of the lugs should raise the shear resistance. When embedded inconcrete, the
spaces between the lugs are filled up with cement mortar which resists the lugspressure.
Benmokrane, etal.(1996) reports that reduction of deformation pitch yieldsto
enhancement of bond strength. When the distance between the deformations istoo small, a
concrete shear (or local compression) type of failure might be expected. It should be noted
that typically the bond shear stresses are higher at the base of the lugs thanat the top of
the lugs. This is due to the stress concentrations caused by change in barcross section.
The shape of the deformations must be carefully designed, anda case-special solution has
to be found for each individual case. An optimum radius at the deformations basecan be
calculated as a function of the lugs height toassure gradual transition between the rebar's
body and the deformations.
The Poisson effects influence the bond strength of FRP rebars. ThePoisson effects
may be more pronounced in FRP bars than in steel due to their lower stiffness. Estimates110
of Poisson effects can be obtained by analyzing the rebar microstructure. It should be
noted that depending upon layer orientation, thickness of the individual layers, and
materials used, different FRP rebars can exhibit completely different Poisson effects under
the same loads. This is due to the combined stresses that develop in the FRP
reinforcements. It is not unusual for in-plane loads to cause out-of-plane strains. This
mechanism was discussed in Chapter 2 and is further described in Chapter 7.
It is known that transverse stress (typically provided by transverse reinforcement in
reinforced concrete structures) improves the anchorage capacity of steel bars (Leet, 1990).
It may be assumed that the same improvement can be expected for FRP rebars. Probably,
the transverse stress contributes less to the bond capacity of FRP bars because theyare
not as stiff as steel.
Differences in thermal elongation between the FRP unit and concrete, especially in
the transverse direction, might influence the bond. If the thermal expansion of the bar is
too high, it could promote development of splitting cracks in the concrete surrounding the
bar. It has been observed that the transverse expansion of glass FRP rebars dueto
temperature increase is much more than that of concrete. Typical reported values for E-
glass-epoxy bars are about 21 x 10 -6 /C (11.7 x 10 -6 /F) (Daniel and Ishai, 1994), while
the coefficient of thermal expansion of normal weight concrete is about 10x 10 -6 /C (5.56
x 10-6 /F) (Mindess and Young, 1981). However, differential expansion does not seem to
cause splitting and cracking in concrete, because of the lower elastic modulus of the FRP
bars. Thus, it can be presumed that the transversepressure is less efficient for FRP bars
than for steel rebars. The thermal expansion of the barcross section may also be111
counteracted by the Poisson effects. If the surface deformations are properly designed, the
difference in thermal expansion between the concrete and FRP rods should notcause
debonding at decreasing temperatures.
There is no sufficient research that addresses the influence of the modulus of
elasticity of the FRP bars on bond strength.
Kanakubo, et al. (1993) researched the bond performance of carbon, aramid, and
glass FRP rebars manufactured in Japan. Studying the variables that influence the bond,
the researchers assumed that the elastic moduli of FRP bars haveno influence on the bond
splitting strength, because no difference in strength between different materialscan be
appreciated during the bond strength test in spite of the different elastic moduli. The study
showed a correlation between the elastic modulus of FRP and the increment in bond
strength (Figure 4.6). However, it was concluded that the elastic modulus of FRP bars
have no influence on bond strength in case of the pull-out tests. This conclusionmay be
due to the shortcoming of pull-out tests as previously discussed,or due to the fact that the
FRP units had very similar ultimate tensile strength which made it difficult to appreciate
the variations in bond strength. Whatever the reason, the conclusionsseems inappropriate.
The bond strength development is a mechanism of stress transfer between the bar and the
concrete. Thus, it seems logical to presume that the mechanical properties of these
materials would influence the bond.
Unlike the previous study, Tepfers (1997) concludes that the modulus of elasticity
of FRP bar has influence on the ultimate bond load.112
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FIGURE 4.6: Correlation Between K and Elastic Modulus
(Kanakubo, et.al, 1993)
Pleimann (1991) conducted study on strength, modulus of elasticity, and bondon
FRP rods. A comparison between glass FRP rebars and KEVLAR 49 (basedon aramid
fibers) was made. The research showed that glass-fiber reinforced rodsexhibited a better
bond strength, but lower modulus of elasticity while the other variableswere kept
constant. Even though this does not provide conclusive proof, it suggests that it might be
some relationship between the elastic modulus of the FRP rods and the bond strength.113
It has been observed that certain types of FRP bars produce higher bond resistance
than steel rebars. The reason for this is probably the fact that bars with lower moduli of
elasticity than concrete do not create as much stress concentration in theconcrete as steel
rebars do.The steelis much stiffer than concrete which results in local stress
concentrations in the concrete from which failure develops.
The wedging effects are typically associated with bond strength development and
bond failure. It has been observed (Tepfers, 1979) that the wedging effects increase the
anchorage capacity of steel. These effects do notappear for FRP rebars due to
considerably lower modulus of the FRP units and their considerable Poisson effects.
The influence of concrete compressive strengthon bond strength of FRP rebars is
unclear. It can be anticipated that the higher the compressive strength of theconcrete, the
higher the bond strength of FRP bars would be.However, some the experiments
conducted at Oregon State University during this study showedan insignificant influence
of concrete strength on the bond performance. It is thought that the observed phenomenon
is associated with the rebar structure, i.e. reinforcement elongation ability and strength.
Experimental results reported herein suggest decreasing bond resistance (measured
as a K-value) when concrete compressive strength increases. More likely, this response is
associated with the non-linear behavior of concrete compressive strength-loadcarrying
ability relationship, and the way of calculating the K-value.The square root of the
concrete compressive strength in the denominator dictates a decreasing contribution of the
concrete for higher strengths.114
4.4.3. Specimen Geometry and Testing Conditions
The effect of concrete clear cover on bond between FRP rebars and concrete is
similar to that on steel rebars. Concrete clear cover has significant influenceon the failure
modes. Results obtained by different researchers (Bazant and Desmorat, 1995)suggest
that small clear cover would cause a tensile splitting of the concrete, while largerconcrete
cover would lead to pull-out or tensile failure of the rebar. This subject was discussed in
Chapter 3 and is not discussed in detail here. However, it should be pointed out that the
FRP rebars usually have less tendency to split the surrounding concrete (bond splitting
effects), probably due to greater deformability of the surface layer and reduced micro
cracking of concrete. This should not be confused with the greater crackingpattern
observed in FRP-reinforced structural elements which is due to the lower modulus of
elasticity of the FRP reinforcing units. The first phenomenon is associated with the bond
development mechanism in the direction along the bar axis and micro cracking ofconcrete
(fracture mechanics). The more severe cracking pattern incase of FRP bars can be easily
predicted by deflection calculations (the ACI 318-89) of reinforced concrete members
(structural analysis).
The embedment length of FRP bars has a significant influenceon the bond
strength.If the embedment is insufficient, a pull-out failure will likelyoccur. Longer
embedment in combination with other factors (high strength concrete and thickerconcrete
cover) would lead either to splitting of the concreteor tension failure of the reinforcement.
Investigations, conducted on composite and steel reinforcement at Oregon State
University suggested a phenomenon that has not been reported before (Kachlakev and115
Lundy, 1995; Lundy and Kachlakev, 1996). The results showed that the bond resistance
of the specimen (expressed as K-value) and the bond strengthper unit length decreases
when embedment length increases. Such behavior could be attributed to the brittlenature
of failure and the validity of the size effect law. Detailed discussion and theoretical
background of the size effects are provided later in Chapter 5.
The effect of FRP rebar diameter on bond strengthcan be estimated by the
following formula:
U. = undb -2-' 30 4f, (63.3 4f. ), (Eq.4.1)
where:
U. - nominal bond strength;
u- average bond stress;
db -rebar diameter;
fc -28-day concrete compressive strength.
There is widely conflicting evidence on the effect of rebar diameteron bond
strength between reinforcement and concrete. Some studies indicate the bondstrength
increases with increasing bar size, while others report the opposite. It ispossible that the
variation of reinforcement diameter is accompanied by size effects similarto those
reported for embeddment length variation.
Environmental influence on bond between FRP bars andconcrete should be taken
into consideration. Adsorption of water might lead to strength and modulusdeterioration116
as well as expansion of the rod. The concrete environment with typical pH-values of 12-
13, might degrade the rebar surface (especially incase of glass FRP bars). The effect may
be more pronounced at elevated temperatures. Some FRP bars with glass-fiber filament
are protected by thicker resin layer. It is important to know how the thickness of the
protective layer influences the bond. It seems logical to expect thata thick layer of resin
on the bar surface will decrease the bond transfer compared to thin layer of resin with
direct support of stiffer fibers under it. However, the effect of the protective layer
thickness on bond is not clear and has to be studied in detail.
Usually studies addressing the environmental effects consider the fibersor resin
only. These types of research are typically conducted by the manufacturers ofthe
respective material. However, FRP barsare composite products made from two
constituent materials. Although the quality of the constituent materialsmay help
understand the durability of the rebar, the composite performance is critical.Therefore,
composite structures should be evaluated under different environmental conditionsin
order to determine their influence on bond.
Al-Dulaijan, et al. (1996) conducted a study to establish the effect ofaccelerated
environmental conditioning on the pull-out behavior of glass FRP reinforcedbars. Three
rod types with different surface configurationswere used. All rods had a nominal diameter
of 12.7 mm (0.5 in) and an embedment length of 63.5mm (2.5 in). Environmental
conditioning consisted of immersing the FRP/concrete samples for 28 days ina solution
with high pH at elevated temperatures. Direct pull-out testswere carried out. The bond of
the unconditioned specimens was controlled by friction and interlockmechanism. The117
friction resulted mainly from the sand particles embedded in the rod surface, while
interlocking was developed between the concrete and the deformations. In conditioned
specimens, the bond was mainly controlled by the interlocking mechanism due to the
degraded bond between the sand particles and the rod surface.
4. 5. Surface Deformations and Their Effect on Bond Strength Between FRP Rods
and Concrete
4. 5.1. Case Studies
Malvar (1994 and 1995) investigated the effect on bond strength of four FRP
rebars with different deformations. The deformations were as follows: external helicoidal
tow which provides both protruding deformations andsmall indentations in the bar
surface; stressed surface tow so that indentations were obtained instead of deformations;
surface tow glued to the exterior of the bar to provide surface deformations only. While
the first two types of deformations provided response similar to that of steel, the
deformations initially glued to the bar debonded during testing. It is obvious that in this
case the bond stress becomes dependent on the friction between the bar and the concrete.
The same study researched the effect of the indentations depthon bond strength.
The results suggested a decrease of 16 percent in bond strength when the deformations
were reduced from 1.8 mm (0.071 in.) to 1.3 mm (0.051 in.).
The study concluded that small deformations (about 5.5 percent of the nominal
rebar diameter) are sufficient to yield bond stressesup to five times the concrete tensile118
strength. Either surface deformationsor indentations obtained by stressing an external
strand are acceptable for bond purposes. Deformations gluedto the surface were not
recommended since they may become unbonded and therefore failto provide any bond.
In another study Malvar (1992) investigated the effect of the deformationangle in
regard to bond strength. He reported that bars with normal ribs(at 90 degrees to the
longitudinal axis) exhibited better bond characteristics than bars withinclined ribs.
However, bars with normal ribs usually producemore severe radial cracking and generate
a wider failure zone. This might be significant shortcoming incases of FRP reinforced
concrete, since the clear covers are typically smaller and the crackingpattern more severe
(Guidelines for FRP design, ACI Committee 440 meetings, Montreal,1996; New Orleans,
1996; Seattle, 1997).
Zahrani, et al. (1996) investigated the bond of FRP barswith axisymmetric
deformations. Glass FRP rebars with five and ten lugs, anddifferent lug widths and
heights were studied. The rods were machined to introduceaximetrical lugs. Embedment
lengths were varied which corresponded to five andten lugs, respectively (Figure 4.7).
Enough confinement to the concrete was used in orderto avoid splitting failure. It was
found that the failure was caused by shearing off the lugs withoutdamage to the concrete.
It appears that the bond behavior was controlled by mechanicalinterlocking and shear
strength of the lugs, up to the point of lug failure. Afterthat point, the bond was
dominated by friction between the rod and the concrete. Theamount of elongation along
the embedment length is controlled by the longitudinal modulusof elasticity of the rod. An
interesting observation was made regarding the load transferbetween lugs. As the pull-out119
test proceeded, the first lug carried the initial load. Long before reaching its capacity it
shared the load with the next lug and so on until reaching the last lugon the bar. The
applied load monotonically increased until the shear strength capacity of all lugswas
reached, at which point failure happened abruptly. The study found that the bars withten
lugs developed 25 percent less shear strength than those with five lugs. A nonlinear
relationship between the number of lugs and maximum pull-out forcewas observed, and
hence the reduction in the nominal shear strength with increased number of lugs.
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Darwin and Graham (1993) investigated the effect of the rebar deformationpattern
on bond using 25 mm (1 in.) diameter machined rod with deformation heights from 1.27
mm (0.05 in.) to 2.54 mm (0.10 in.), and deformation spacing ranging from 6.7 to 56mm
(0.26 to 2.2. in.). The study concluded that within therange of deformation parameters120
evaluated, deformation pattern has virtually no effect on bond strength when a splitting
failure of the concrete governs. This agrees with the observations made by Losberg, et al.
(1979), and Darwin etal. (1992). The bond stress-slip response of reinforcing bars
appears to be a function of the relative area of the bars, independent of the specific
combination of rib height and rib spacing.
Hamad (1995) reached another conclusion. He researched the effects of rib
geometry on bond-slip characteristics of deformed machined bars. The variables were the
bar rib face angle, rib spacing, and rib height (Figure 4.8). All specimens were round bars
with 20.6 mm (0.811 in.) in diameter with annular deformations. The rebars were tested in
pull-out with constant embedment length of 254 mm (10 in.). The study found that bars
with rib face angle of 6 degrees developed greater bond strength than bars with 30, 45, 75,
and 90 degree face angle, all other variables constant. The bars with rib spacing of 50
percent of the bar diameter and height-to spacing ratio of 0.15 were found superior to any
other combination. Keeping the rib face angle and rib spacing constant, bars with rib
height of 10 percent of rebar diameter performed the best in terms of bond strength.
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4.5.2. Deformations Attachment Techniques
In order to investigate the influence of deformations attachmentto the hollow FRP
rebar, two groups of specimens, were studied, identifiedas Group 1 and Group 2
(Kachlakev, 1997). Methods of attaching the deformations distinguishedthe groups. For
the first group of specimens the deformationswere glued to the external surface of the
bar, while for the second group theywere covered by a resin impregnated veil of fiber
reinforced mat. Normal weight concrete witha design 28-day compressive strength of 48
MPa (7000 psi) was used for bothgroups. The bond strength was evaluated using two
different procedures, previously described in (Kachlakev andLundy, 1995 and Kachlakev
et al., 1996), i.e., modified pull-out bond strength tests with various lengthsof concrete-
rebar interference and the European bond strength testingprocedure (Appendix C).
4.5.2.1. European Procedure
Six specimens were tested during this study, three fromeach group. Two
specimens (one of each reinforcement type)were cast from each batch of concrete. The
results include maximum load, bond stress and strength, crackopening, initial bond stress
and K-values.
The average bond performance parameters of Group1 specimens are shown in
Table 4.1. The specimens_ from thisgroup exhibited deformation debonding. Separation
between the deformation and the rebar's bodywas observed in all specimens. Observation
of the specimens after failure showed that theconcrete adjacent to the deformations was122
sheared. The measured vertical movement between the reinforcementbody and the
deformations was 6. 4 mm (0.25 in.). Theaverage crack opening at failure was 8.4 mm
(0.33 in.) measured at the mid-height. Thus, the relativemovement between the rebar and
concrete equals the difference between crack opening and deformations movement.
TABLE 4.1: Deformations Attachment Study- European Bond Strength Procedure
Spec.
ID
Concrete
Strength
MPa
Max.
Load
kN
Bond
Strength
N/mm
Bond
Stress
MPa
Crack
Opening
0.01mm
K-
value
Type of
Failure
Gr. 1-1 52 175 861 13.2 10.4 56.8def +cr.
Gr.1 -2. 50 136 667 10.2 5.7 44.9def +cr.
Gr.1 -3 42 110 543 8.3 9.0 40.0def +cr.
Gr.1 690 10.5 8.4 47.3
Gr.2-1 52 141 695 10.6 4.1 45.8crack
Gr.2-2 50 140 691 10.5 3.4 46.5crack
Gr.2-3 42 135 665 10.2 4.8 49.0crack
Gr.2 685 10.5 4.1 47.1
The analysis of the results suggest that the bond stress-slip behaviorcan be
separated into two regions. First, the specimens develop bondstress as a result of relative
movement between the reinforcing unit and the surrounding concrete. Ata stress level of
approximately 6.9 MPa (1000 psi), the deformations broke loose from thebar, which
resulted in change of the slope of the diagram (Figure 4.9). The debondingprobably
occurred first near the precracked plane of the sample. It is believed that thedebonding of
the deformations propagated toward ends of the baras the test proceeded. The behavior
of the deformation strand, confined by the hollow rebar body fromone side and the123
surrounding concrete from the other, could be approximated with the compressionof a
spring. Thus, the deformations were imposing shear stresson the concrete while the main
body of the reinforcement remainedmore or less in its position at debonding initiation.
Visual observation of the failed specimens suggests that thisstress was unequally spread
along the vertical axis, decreasing toward the ends of the specimen. Thesheared concrete
areas around the deformation sockets decreased outward from the midplane of the
specimen.
Additionally, several cracks initiating from the deformation socketswere noticed.
Although, not a prime reason for the failure, existence of these cracks causedsoftening of
the composite concrete-reinforcement specimens.
The stress vs. crack opening diagram showed rapid change inslope at about 6.9
MPa (1000 psi) of bond stress. The shape of thecurve suggests that the composite
specimen exhibited higher stiffness (i.e., higher elastic modulus)up to the point where the
debonding initiated. The large difference between the modulus ofelasticity of the initial
and final parts of the bond stress-crack opening diagramsuggests a rapid reduction of the
specimen's rigidity at a stress level well below the ultimatestrength.It appears that the
bond resistance up to the point of debonding initiationwas provided by the entire
concrete-reinforcement system, while beyond it the stress increaseddue to interlocking
between the loosen deformation wire and theconcrete. It seems logical to think that such
a behavior under different type ofloading (flexure for instance) would result in
catastrophic failure of the concrete member.124
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FIGURE 4.9: Bond Stress Vs. Displacement for Group 1 Specimens
(Typical Test Results)
The average bond parameters of Group 2 specimens are shown in Table 4.1. Typical test
results are shown in Figure 4.10. Unlike the Group 1, no debonding or any other
disturbance of the deformations was observed. The stress-crack opening diagram shows
consistent elastic modulus of the specimen. Concrete shear was observed around the
deformation sockets. This suggests that the rebar moved as a whole relative to the
concrete as the load was increased. This is a typical behavior for such tests. It appears that
the reinforcing unit resisted the developed bond stress, and the failure occurred when the
concrete strength limit was reached.125
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FIGURE 4.10: Bond Stress Vs. Displacement for Group 2 (Typical Test Results)
An important difference between Groups 1 and 2 sampleswas the maximum crack
opening at ultimate load/stress. While the maximum bondstresses showed by each group
were quite similar, the crack opening at failure for Group 2 was about 50 % smaller than
for Group 1, i.e., 4 mm and 8.4 mm, respectively. Thissuggests that Group 2 specimens
were roughly 50 % stiffer than Group 1.
Although comparison between the bond parameters of Groups1 and 2 reveals no
significant differences, the performance favors Group 2 specimens.The debonding
exhibited by Group 1 samples is unacceptable from design and performancestandpoints.126
4.5.2.2. Pull-Out Bond Strength Test
Six pull-out specimens were tested during this phase of the study.Three Group 1
and three Group 2 FRP sampleswere embedded in normal weight concrete, having a
nominal 28 day compressive strength 50 MPa (7300 psi). Eachgroup was represented by
three different embedment length: 100mm (4 in.), 178 mm (7 in.), and 254 mm (10 in).
The average bond results for the twogroups are shown in Table 4.2.
TABLE 4.2: Deformations Attachment Study- Pullout Bond StrengthProcedure
Spec.
ID
Embed.
Length
mm
Max.
Load
101
Bond
Strength
N/mm
Bond
Stress
MPa
StrainK-
value
Gr.1-1254 133 523 8.0 1.66034.95
Gr. 1-2178 148832 12.73.14355.67
Gr.1-3100 86 849 13.0 1.92556.75
Gr.1 734 11.2 49.12
Gr.2-1254 183719 11.01.30048.12
Gr.2-2178 174975 14.91.71465.20
Gr.2-3100 78 762 11.6 1.72550.94
Gr.2 819 12.5 54.75
Note: Rebar circumference = 65.4 mm; rebar diameter= 20.8 mm;
28-day concrete compressive strength = 50 MPa.
Comparison between the two groups revealsno significant difference in bond
performance. Group 2 showed slightly higher values.
Group 2 specimens developed similar stressesat lower slip compared to Group 1.
The average bond stress at 1.5mm (0.06 in) of slip for Group 1 samples was 4.3 MPa
(630 psi). At the same slip level Group 2 specimensdeveloped average stress of 7.6 MPa127
(1100 psi). This suggests that Group 2 specimens haveapproximately 41 % higher
stiffness than Group1.Similar findings resulted from European procedure.The
consistency between the two procedures stronglysuggests that the overall bond
performance and stiffness of the concrete-reinforcementsystem is superior for Group 2
samples.
The following conclusions were drawn from this phase of theresearch:
1) All three Group 1 European samples exhibiteddeformation debonding from the
body of the rebar. Thus, the bond between the deformationwire and the main body of the
rebar for Group 1 specimens could be qualifiedas insufficient. The weak bond is most
likely due to the manufacturing technique.
2) Summarized results from both procedures revealedno significant difference in
the maximum bond stress and strength betweenGroups 1 and 2.However, Group 1
samples developed similar bond stress and strengthat 50 % lower crack opening than
Group 2.
3) As a result of the previous conclusions, the stiffnessof Group 1 appears to be
50 % higher.
4) Considering the difference in stiffness betweenGroups 1 and 2, and the
deformations debonding exhibited by Group1samples,it appears that Group 2
reinforcement units are superior.128
4.5.3. Conclusions Regarding the Deformation Pattern of FRP Units
There is widely conflicting evidence on the effect of deformationpattern on the
bond strength between reinforcing units and concrete. Some studies indicatethat
deformation pattern has a strong influenceon bond strength. Other studies show that
deformation pattern has little influence, and it is notuncommon for bars with different
patterns to produce nearly identical strengths. It is generally believed that combination of
rib height and deformation spacing (which quantifiedas the relative rib area) is critical for
bond strength development.
There is not enough data available on the influence of the deformationpattern on
the bond performance. The deformation patterns of the commerciallyavailable FRP
reinforcements today are a result of designer's experience and preferences,limitations of
the manufacturing techniques, or other considerations. However, basedon the literature
review, analogies with steel reinforcement, and the limited experiencegained during this
study, the following conclusions can be made:
1) The bond transfer mechanism between FRP reinforcementand concrete is
primarily controlled by bearing of the deformations against theconcrete. Thus, FRP rebars
with indentation obtained by external helicoidal strands rather thandeformations are not
recommended. The resulting cross-sectionarea of the bar and the depth of the
indentations typically are not constant, whichcreates difficulties in the analysis of the
variables influencing the bond.
2) The shear properties of the FRP reinforcement, and theirbond to concrete is
dominated by the resin properties. In order to enhance the shearresistance, FRP lugs129
formed by resin strengthen with aligned or randomly distributed fibersare the preferred
type. This may be achieved by braiding the fibers or by winding the rod witha separate
fiber filament.
3) Bond failure governed by shear failure of the lugs rather thansplitting of the
concrete is not desirable. A combination of the proper design and manufacturingprocess
should assure shear strength between the FRP lugs, and the surface of therod is greater
than shear strength (or local compression) of the surroundingconcrete.
4) In spite of having various deformation patterns,most of the latest generation
glass FRP rebars exhibit similar bond strengths. Itseems that the deformation geometry
has no significant influence of bond strength whenconcrete split governs the failure.
5) Although the limited research has shown that there isno significant influence of
the rib height on bond, small deformationsmay lose their grip to concrete due to greater
Poisson effects associated with FRP materials. Detailed analysis andtests are necessary for
each new product.
6) The bond-slip response of FRP barsappears to be a function of the relative
area of the bar, independent of specific combination of lug height and spacing. However,
under all conditions, the initial stiffness of the reinforcedconcrete member (before crack
initiation) would increase with an increase of the relative ribarea.
7) As a starting point of the deformation pattern design, thespecification for steel
reinforcement, as stipulated in ASTM A 615 / A 615M- 93, may be used (ASTM Vol.
01.04., 1994).130
8) A FRP reinforcement with rib face angle of 60 degrees, rib spacing of50
percent of rebar diameter, rib height of 10 percent of rebar diameter, and rib space-to-rib
height ratio of 0.2 would most likely result in sufficient bond strength.
9) Special attention has to be given to avoid stress concentration between
deformations and the body of the rebar. This can be achieved byproper design of the
casting mold, assuring sufficient radius at the transition between the surface of the barand
the deformations.
4.6. Comparison Between FRP and Steel Reinforcement in Terms of BondStrength
Bond between reinforcement and concrete is governed by the strength andthe
modulus of elasticity of the materials and the interface properties. The modulus of
elasticity and the Poisson ratio is about thesame for most reinforcement steels. This is not
the case for FRP reinforcement. The different types of resins and fibers havevery different
elastic moduli and Poisson ratios. The manufacturing techniquescan induce even more
variables. In most of the earlier FRP rebars, the bond between FRP reinforcementand
concrete was governed by the strength of the resin lugs. With advances in the pultrussion
manufacture and sophistication of the FRP design, the deformationsare provided by thin
resin layers, reinforced with fibers. In some products (top grades of C-BAR,hollow-bar)
the deformations are an integral part of the rebars body. In suchcases, the bond strength is
governed by the strength of concrete, which is lower than that of the surfacedeformations
of FRP rods. Obviously, the number of possible combinations of bondfailures of FRP
reinforcement are greater than that of steel bars.131
The replacement of steel with FRP rebars changes the mechanism ofload transfer
between concrete and reinforcement. This is because FRP materialsare anisotropic with
shear and transverse properties dominated by the resin and longitudinalproperties
dominated by the fibers.
In steel reinforcing bars, bond strength is consideredto depend on two main
mechanisms:
1) adhesion between concrete and reinforcing bar, and
2) bearing of the reinforcement against theconcrete.However, the major
contribution comes from the bearing component. Since the surface deformationsof FRP
bars (glass FRP in particular) do notpossess the characteristics of the steel reinforcing
bars (i.e., high shear strength, high rigidity, deformation geometry) thatprovides enough
lateral confinement through lugs bearing, it follows that there isa lower bond strength for
most of the FRP reinforcing bars on the market today (Larralde and Silva-Rodriguez,
1993). However, an opposing opinion is presented by Faoro (1996),who states that FRP
bars display higher bond strengths in concrete than the conventionalsteels.
Typically, there is little crushingor cracking in the concrete surrounding the
reinforcement. This may be regarded asan indication of low bearing stresses produced in
concrete by the action of the rebar deformations. Adhesion and frictionmay be the
important bond stress components in FRP rebars. Thisseems to be the case for the
majority of the FRP reinforcing bars (Popov, et al.,1984; Daniali, 1992; Ehsani, et al.,
1993). However, the FRP bars tend to split theconcrete less than the steel reinforcement
and this may be a substantial advantage. Their surface softnessreduces the micro cracking132
in concrete which may result in improved bond. The design of the surface deformationis
significant for achieving a good bond between FRP reinforcing bars andconcrete.
The great variety of materials and production methods results in combinations,
which make it possible to treat only the bond problem between FRP rebars andconcrete
on a general basis. For practical applications each particular type of FRP bar must be
tested and analyzed individually, and the actual bond stress-slip relationshipsestablished.
These relationships could be used to estimate the bond behavior when the particularFRP
is used to reinforce concrete members. Completion oftests on FRP-reinforced concrete
members (beam and slabs) should also be considered, particularly fornew products.133
5. SIZE EFFECTS ASSOCIATED WITH BOND STRENGTHTESTS
5. 1. Case Studies
Bond strength evaluation was performed using the results ofa study conducted in
West Virginia (Faza and GangaRao, 1990). The results indicatea consistent decrease in
bond strength, expressed in force per unit length with increasing theembedment length.
The same effect was observed when the bond strengths of differentspecimens were
related to the bar diameters.
A similar approach was applied to the results froma bond strength study
conducted at Sherbrooke University, Quebec, Canada (Benmokrane,et al., 1996). Table
5.1 shows the diameter effect on bond of glass FRP rebars. Itcan be seen that the average
bond strength decreases as the bar diameter increases. Thisfinding was also confirmed by
a beam and pull-out tests carried out in other studies using FRP bars (De Larrard,et al.,
1993; Soretz, 1972).
TABLE 5.1: Bond Strength of GFRP and Steel Bars ( Benmokrane,et al., 1996)
Average bond strengthA, MPa, at slip
dh, mm 0.01 mm 0.1 mm 0.2 mm Maximum j10.1/1-tmax 110.241mo
GFRP 12.7 1.7 7.6 8.7 10.6 0.71 0.82
Steel 12.7 2.7 8.0 9.5 14.2 0.57 0.67
GFRP 15.9 -0.7 5.6 5.8 7.3 0.76 0.80
Steel 15.9 3.8 5.7 7.5 13.2 0.43 0.57
GFRP 19.1 0.7 3.8 5.7 6.6 0.57 0.86
Steel 19.1 2.6 4.2 5.8 11.6 0.36 0.50
GFRP 25.4 0.5 3.6 6.2 6.4 0.56 0.97
Steel 25.4 3.3 6.6 7.3 7.4 0.89 0.99
Note: flo.i, po.2, and p,a., are bond strength of GFRP and steel reinforcing barsat slip of 0.1 and 0.2 mm. and maximum,
respectively.134
Brown and Bartholomew (1993) reported contradictory information using
specimens with 6 in. (152 mm) embedment lengths. They reported approximately20
percent higher nominal bond strengths than those with 4 in. (102 mm) embedment lengths.
Similarly, Pleimann (1991) concluded that the bond strength of glass FRP rebars
improves with bar size as measured by the K-value. The results showed K-values of 25,
29, and 33 for No.2 (6.4 mm), No.3 (9.5 mm), and No.4 (12.7 mm) FRP bars,
respectively. As with most of the early studies on bond of FRP, Pleimann suggests that
FRP rods are inferior to steel bars in terms of bond performance. Pleimann hypothesized
that as the bar sizeincreases above a half-inchdiameter,the K-values,and
correspondingly bond strength may more closely approach that of steel. Contraryto this
opinion, today is it a widely accepted that the FRP properties and their performancein
concrete deteriorate with increasing the size of the reinforcement (Bazant and Desmorat,
1995; Kachlakev and Lundy, 1995; Benmokrane et al., 1996; Lundy and Kachlakev,
1996).
A typical relationship between bond stress and tensile stress (i.e. pull-out force) is
shown in Figure 3.5. It can be seen that the distribution of tensile and bondstresses along
the embedment length of FRP reinforcing bar is nonlinear. Tensilestress attenuates rapidly
from the loaded end toward the free end of the FRP reinforcing unit. Thecorresponding
maximum bond stress progresses toward the free end causing failure.
It appears that as a_ consequence of the nonlinear distribution of the bondstress in
glass FRP rebars, the commonly used mean bond strength, calculatedas the maximum
pull-out force divided by the area of the embedded reinforcement,decreases as the135
embedment length increases for a given rebar diameter. This phenomenonis known as the
size effect law (Bazant and Desmorat,1995).In a presence of non-linearly distributed
cracking, the failure of the specimen is not simultaneous. Actually,the failure occurs
through propagation of a failure zoneacross the specimen. Thus, while one part of the
specimen has already failed, another part is approaching its maximumload carrying
capacity. The larger the structure or specimen, themore pronounced the nonsimultaneous
nature of failure (Bazant and Sener,1988).
5. 2. Fracture Mechanics Aspects of Size Effects
The size effect has not yet been theoretically investigated, althoughit has already
been demonstrated for the case of bar pull-out fromconcrete (Bazant and Sener,1988;
Kachlakev and Lundy, 1995; Benmokrane, et al., 1996).
To isolate the size effects from the other effects,structures or specimens of
different sizes, but similar shapes must be considered. Accordingto the standard criteria,
failure is indicated by the condition wherecr. = ft, where fit, is a ultimate strength of a
given material and an is the nominal stress at failure characterizingthe state of stress at a
certain critical point of the structure or specimen. The nominalstress o' can be expressed
(Bazant,1984)as:
where:
ar,=cP/bd, (Eq. 5.1)
c - independent of size and characterizes the structural shape and type of loading;136
P - load;
b- constant parameter of the structure (say thickness); and
d - characteristic of dimension that changes.
If log an is plotted versus log X, where X = d/da (de,- maximum size of d), the failure state
according to any strength criterion should be a horizontal line (Figure 5.1), regardless of
whether elastic, plastic, or viscoelastic analysis has been used (Bazant and Cedolin, 1980).
However, for linear elastic fracture mechanics, the plot of failure state is completely
different. Here an will vary as -Jd for all linear fracture mechanics solutions. The plot of
log an versus log X will be a straight line with slope of 1/2. The size effectrepresents the
gradual transition from the horizontal line to the inclined line.
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FIGURE 5.1: Size Effects According to Strength Criteria and Linearor Nonlinear
Fracture Mechanics (Bazant, 1984)137
In the following discussion it will be shown that the post-peak softeningat the
interface between the bar and concrete causesa size effect.A cylindrical bar with
diameter d is assumed to be embedded in a concrete cylinder with diameter D.The
interfacial debonding is characterized by the relationship of the interface bond shearstress,
versus the relative displacement, v (Figure 5.2).
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FIGURE 5.2: Geometry of the Pullout Test and Shear Stress Vs. Relative Displacement
(Bazant and Desmorat, 1995)
As can be seen in Figure 5.2,"Csis the initial bond strength,tdis the residual bond
stress (post-peak stress) at the interface and vo is critical slip, determining the slope of the
(v) diagram.It is assumed that the rebar and the concrete behave elastically,138
characterized by elastic moduli Ef and En,,respectively. Thus, the interface shear atany
point can be represented as:
= Ts (1/v0) (Eq.5.2)
The cross-hatched area in Figure 5.2 represents the bond fractureenergy, which
can be expressed as:
Gf = 0.5; Vo (1'" td / Ts)2 (Eq.5.3)
If we assume that z is the longitudinal coordinate along the bar axis,the following
differential equation for the bar stress can be derived (Bazant and Desmorat,1995):
where:
d2a / dz2 + co2a= 0)204) /(1 + 44), (Eq.5.4)
= AfEfi A. E.
Af - cross section area of the reinforcement;
A. -cross section area of the concrete cylinder, and
CO2 = 4 (1 +4))/ (Efvo
At the cross section with no interface cracking, the strains in therebar and
concrete are equal, i.e., a / Ef = am / E..Thus, we can express the stress in the rebar a as:
= (sad) /(1 + 4)), (Eq.5.5)
where:
139
= P/ Af - applied pull-out stress, and
P- pull-out load.
The solution of the above equation for the maximum value ofa, , as given by
Bazant and Desmorat (1995) yields:
= (8 ; / aid)[1 - (t2d / t2. )]+ (4td / cod )[coL- 2arccos (td / ti, )],(Eq.5.6)
where:
L- length of the concrete cylinder, and others as previously defined.
A scaling law has been defined to explain the transition from elasticity, for which
the size effects are absent, to linear elastic fracture mechanics, for which thenominal
strength is inversely proportional to the square root of thestructure size (Bazant and
Cedolin, 1991). The size effect can be defined only for structures with similargeometry
and similar cracks. Therefore, the ratios D/d and L/dare considered constant, and the
rebar diameter or the embeddment length, respectively, play the role of dimensional
characteristic of the structure.140
Bazant and Desmorat (1995) demonstrated a numerical example of the size effects
(Figure 5.3). It is apparent that the maximum pull-out stress decreases with increasing
size. Furthermore, the shape of the load-displacement diagram changes. For small sizes,a
gradual post-peak softening occurs, while for larger sizes, little softening is present. This
behavior is typical for the size effects in materials exhibiting localized damageor nonlinear
fracture (Bazant 1983). The size effect is probably caused by increasing localization of the
softening regions along the rebar length as the embedment increases.
As can be seen in Figure 5.2, the softening region, which represents the fracture
zone, is characterized by stress values between td and ti.. Bazant (1985) introduced the
hypothesis that the energy dissipation at failure is a smooth function of both the specimen
size and the fracture process zone size. The fractureprocess zone is a material property.
According to this hypothesis, the nominal strengthcr. =a,can be expressed by the
following equation:
=B f t [t( 1++ Al t-2 + AA"' + =/ cloyn (Eq. 5.7)
in which ft is the tensile strength of the material (or bond strength), andm, B, do, Al,A2
are positive empirical coefficients.
In concrete, fracture is preceded by a gradual dispersed microcracking thatoccurs
within a relatively large fracture process zone ahead of the tip of the crack. As hasbeen
demonstrated (Bazant, 1982), fracture of this type may be modeledas a propagation of a
band of uniformly and continuously distributed cracks at the fracture front. The4 600
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progressive microcracking in the fracture process zone may be describedas a triaxial
stress-strain relationship that exhibits strain-softening with a gradual reduction of the
maximum principal stress (Bazant,1983).The formation of the crack band may be
imagined, as an approximation, to relieve strain energy from stressedarea of the specimen.
The energy consumed per unit area in advance of the crack band is called fractureenergy
(Bazant,1983),and may be expressed as:
Gf = co (1 - E, / Et) (f2t / 2E,), (Eq.5.8)
where:
E, - material elastic modulus, and
Et - strain-softening modulus, with other variables as previously defined.
If the total energy released during fracture is designatedas W, and considering the
required energy balance, dW/da must be equal to the energy consumedper unit crack band
expansion, i.e., dW/da = Gfb,wherebis a constant dimensional parameter (thickness).
Substitution of Gf in the above equation will result in the following solution
(Bazant1984):
= B (Eq.5.9)
where: et = t1(1 + VA.), and B =(1 + E, / Et)143
is called a relative structure size, B and X, are constants when geometrically similar
structures are considered. They are independent of size. The variable et is called size
reduced-strength (Bazant, 1984). It is a characteristic of the entire structure, rather than of
the material only.
In accordance to the above discussion, it seems appropriate toassume that the
fracture zone extends in small embedment lengths overa larger portion of the specimen
(relative to the overall embedment) and in larger embedment lengthsover a smaller
portion of the rebar's length. This behavior may explain the conclusion made by Perry and
Thompson (1966) that in pull-out specimens, as a greater force in the bar is produced,the
more the loaded end slips, causing the point of maximum bond to propagate toward the
free end.
Since the fracture mechanics and theoretical explanation of the size effectsare
beyond the scope of this dissertation no further discussion is considered. However,in
summary, it should be noted that the pull-out experiments conducted during this study
indicated that larger specimens, with larger embedment lengths and larger rebardiameters,
tend to fail in a more brittle mode (i.e. splitting mode). Specimens reinforced withsmaller
bars and shorter embedment lengths tend to fail ina less brittle (i.e. more plastic shear-
pull-out) mode. It is believed that this transition in the failuretype depends on the size,
and it is in agreement with the size effect law.144
5.3. Bond Strength Investigations Of Different Glass-Fiber Reinforced Rebars in
Concrete
by: Damian L Kachlakev and James R. Lundy
5.3.1. Introduction
Corrosion related deterioration of constructed facilities results in costly repairs
and leads to user inconvenience.As a result there has been an increase in coated
reinforcing investigations and use of alternative materials for reinforcing concrete in the
recent years. The application of corrosion resistant fiber reinforced plastic (FRP) rebars
offers an alternative to mild steel reinforcement to improve the longevity and durability of
structural facilities exposed to aggressive environments. Although the plastics have begun
to replace steel in concrete applications where the reinforcement is spread relatively
uniformly throughout the concrete (meshes, randomly distributed fiber reinforcement,
etc.), the substitution of FRP rebars for steel ones is lesscommon. Current engineering
publications (Nanni and Dolan, 1993) present very few experiments conductedon the
bond behavior of concrete reinforced with composite rebars. Many of the resultsare not
comparable, mainly due to the different, non-standard test procedures. The interaction
between concrete and FRP rebars is the cornerstone for establishing designing procedures
and recommendations for broader application of composite rebars. Dueto the different
mechanical properties of the FRP rebars, their performance when embedded inconcrete is
not fully understood.145
The investigation efforts are additionally aggravated and often fail because of the
unclear experimental procedures. One procedure (ASTM C 234- 86) for evaluating the
bond strength does not show satisfactorily results, basically due to the fact that this
standard has been created for evaluating the properties of the surrounding concrete, not
the interaction between concrete and reinforcement.This lack of standardization has
forced scientists in this field to chose their own procedures to determine bond strength
(Guerin et al., 1993; Pleimann, 1991; Brown and Bartolomew, 1993). This problem has
been faced by investigators of composite reinforcement and other researchers testingnon-
standard reinforcement (Guerin et al., 1993).These uncertainties related to the test
configurations and procedures leads to highly variable results and interpretations, and thus
inconsistent conclusions.
Another issue that deserves attention is the mode of failure of the concrete
members reinforced with FRP rebars.Clear separation between the contributing modes
such as pull-out failure, slippage, internal shear off of the concrete,or tension failure of
the reinforcement is needed in order to predict which parameters of the specimen,
properties of the concrete, and reinforcement most influence failure.Currently, the bond
strength is predicted on the basis of concrete strength.However, the observed
phenomenon of load decrease after the peak load suggests that the bond failure is brittle
in nature.Brittle failure has been observed in various pull-out experiments with FRP
rebars (Faza and GangaRao, 1990; Bazant and Sener, 1988). A ductile failure would be
characterized by a nearly constant load at increasing deformations after the ultimatestress146
has been reached. In a brittle type of failure, the loaddecreases rapidly after the maximum
resistance has been achieved.
If the failure mode can be regardedas brittle, the limited plastic analysis cannot be
applied, and most likely the structure's behaviorcan be explained with the elastic failure
mechanics. While for plastic behavior, geometrically similarstructures of different sizes
fail at the same stress level, for brittle behavior thestress achieved at failure decreases as
the size of the specimen (embedment lengthor concrete clear cover in this particular case)
increases.This relationship between specimen size andnature of failure is explained
through the "size effect law" (Bazant and Sener, 1988).In presence of cracking, the
failure of the concrete specimensoccur through propagation of a failure zone across the
structure. Some parts of the specimen's cross sectionare already failed, while others are
just approaching their peak load carrying capacity. In largerstructures this propagation of
failure zones is more pronounced, sincea larger amount of energy flows into the currently
failing zone (Bazant and Sener, 1988). A similar problemas the one described above is
related to the tensile properties of glass- fiber reinforcedrebars, which varies with the
diameter of the rebar. The ultimate nominal strength decreasesas the size of the rebar
increases. An E- glass FRP rebar with 55% glass volumefracture shows ultimate tensile
strength of 130 ksi (897 MPa) for #3 rebar and 80 ksi (552MPa) for #7 rebar (Faza and
GangaRao, 1990). This phenomenon is probably the majorreason for brittle failure mode
observed in this and other experiments (Faza and GangaRao,1990; Bazant and Sener,
1988).147
5.3.2. Research Significance
In recent times consideration has been given to replacing the steel,as a tension
element, with filament reinforced plastic rebars in concrete reinforcedstructures.
Successful applications have already been achieved (Erki and Rizkalla, 1993; Hikai, 1992).
Individual products have been developed throughan interactive process of design,
production, test, redesign and re-test, through cooperation between science and industry.
There is no better demonstration of the effort than the ongoing projects in the
leading universities at the industrialized counties suchas U.S.A., Canada, Germany and
Japan. The Japanese National Project deserves special attention,as the most significant
national effort so far, related to the composite reinforcement.The five year project
involves funding from the government and private industries, and with research conducted
by government laboratories, universities and construction companies (Nanni andDolan,
1993). The few successfully completed bridges in Germany,as well as in Austria, are also
noteworthy (Miesseler and Wolff, 1991). The increasing number of scientific conferences
and meetings planned for this year are further proof of the increasing interest gainedin this
field.
The objectives of this paper are (i) to presenta test method, which enables the
determination of complete maximum load/bond stressversus slip response for FRP rebars
embedded in concrete; (ii) to investigate the modes of failure and itsdependency on the
rebar and concrete characteristics; (iii) to compare performance of solid glassfiber rebars
available on the market with a newly developed hollow glass fiber reinforcedrebar.148
5.3.3. Materials and Specimens Preparation
The concrete for these experiments was prepared from normal cement, 3/4" (19.05
mm) nominal maximum size of the coarse aggregate and river sand, all supplied locally.
Concrete compressive strength tests (ASTM C 39- 86) were performed at 7 and 28- days
for the mixtures used with the hollow reinforcement and at the 28- days for the solid
rebars. Water-cement ratio varied from 0.41 to 0.58 for mixes with 28 day compressive
strength from 3605 to 6850 psi ( 25 to 47.2 MPa). Concrete mix proportionsare shown
in Table 5.2.
TABLE 5.2: Concrete Mix Proportioning
COMPONENTS
(1b/yd3)
Mix No.!Mix No. 2Mix No. 3
Cement 554 554 656
Water 249 182.5 265
Coarse Aggregate* 1786 1786 1734
Fine Aggregate** 1350 1350 1403
W / C Ratio 0.58 0.50 0.41
7-Day Compressive 5060
Strength
28-Day Compressive 3605 4910 6830
Note: 1 lb/cb.yd. = 0.593 kg/cb.m; 1 psi = 6.89 kPa
*- Fineness Modulus = 2.80; Water Content = 6.7 %; Absorption = 3.8 %
** - Maximum Size = 3/4 in; Water Content = 3.6 %; Absorption = 2.9 %
The test specimens arrangement is shown in Figure 5.4.Standard 6" by 12"(152
mm by 304 mm) plastic molds were used for preparation of the specimens. Holes with
appropriate diameters were drilled at the bottom andon the lid of each mold according to149
the preparation procedure. The reinforcing unitgoes through the concrete and protrudes
from the bottom about 1/4"(6.3 mm). The protruded lengthon the upper side of the
specimen was chosen according to the length of the reinforcing units, withallowance for
sufficient space for placing the linear variable differential transformers (LVDT)andto
ensure sufficient gripping length for the gripping device.
FIGURE 5.4: Test Arrangement150
The composite reinforcement specimens used in thisstudy were solid glass- fiber
rebar 1/2" (12.7 mm) and 3/4" (19 mm) in diameter (Solid "A"), and glass- fiber rebar
1/2" (12.7 mm), and 3/4" (19 mm) in diameter withoutdeformations (Solid "B"), and
hollow GFRP rebar 3/4" (19 mm) in diameter (Figure 5.5).
FIGURE 5.5: Glass FRP Rebars: Solid "B", Hollow, andSolid "A" (left to right)
A newly developed hollow glass- fiber reinforcedplastic rebar was designed at
Oregon State University and produced by OregonComposites, Inc., Independence, OR
(U.S. patent 5,593,744).Prototypes consistof five different layers of glass- fiber
filament, bonded together by vinylester resin.The layers have been placedon different
angles relative to the longitudinal axle of the rebaras follows: one layer of 0 degree151
orientation next to the hollow core of the rebar;one layer of 15 degree and three identical
layers of 30 degree orientation on the outer side of the specimen.Because of the low
overall elongation ability of the glass- fibers, this design intendsto create a reinforcement
which has a stress- strain diagram similar to that of steel (Figure 5.6).
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This design follows that proposed by Malvar (Malvar, 1994 b). Outerdeformations of the
rebar have been provided by bonding a glass- fiber wirerope to the hollow structure.
Overall dimensions of the reinforcing unit are 3/4" (19 mm) outside diameter,not
including the deformations, 0.50" (12.7 mm) inside diameter (hollow part) and combined
wall thickness of 0.125" (3.175 mm). The rebarwas designed as a substitution for No.4
standard steel reinforcement.
Each type of reinforcement was tested at three embedment lengths- 4" (102 mm),
7" (179 mm) and 10" (254 mm).These lengths were chosen to provide significant
variability in the bond strength.Isolation of the reinforcement from the concretewas
achieved by a few layers of ParafihnTm. In order to prevent stress concentrationon the
upper surface of concrete specimen, bond between the concrete and the reinforcement
was prevented in the upper 2"(51 mm) by a conduit of foam.
5.3.4. Test Procedure and Its Theoretical Justification
The relative movement between concrete and reinforcement constitutes ofslippage
between concrete and rebar, elastic deformation of the rebar itself, plastic deformationof
the rebar, or some combination of them. Plastic deformation isnot very likely, in case of
composite rebars due to the linear relationship between stress and strain, typicalfor this
type of reinforcement (Faza and GangaRao, 1990; Malvar, 1994a; Malvar, 1994 b). The
components of the total strain will depend upon the static equilibrium of the specimen, the
forces, and their relative dominance (Figure 5.7).1:3
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FIGURE 5.7: Schematic Set Up and Strain Components in a Pull-out Tests154
There are a several possible combinations among these forces,as follows:
a)P>U,,>fy andUh<ft,
b) P > U, > fyandUh > ft and
c)P>Uv<fy,
where:
P - gradually applied pull- out force;
U,,- vertical component of the resultant of the combined forces between reinforcement
and concrete;
Uh- horizontal component of the resultant of the combined forces between the
reinforcement and concrete;
ft - tensile resistance of the concrete which isa function of the concrete clear cover
for a given concrete strength, and
f - pseudo- yield strength of the reinforcement.
Y
In case a) Uh < f will ensure that no splitting failure will take place. If the applied
force exceeds the bond resistance in vertical direction ( P > U), the specimen will fail ina
pull- out (slippage) mode.If 1.1,, > f,this means that the bond resistance is greater than
tension strength (or pseudo- yield resistance of the newly proposed hollow reinforcement)
and some elongation of the rebar will take place prior to bond failure.
In case b) the failure will be due to the longitudinal splitover the entire height of
the concrete, because Uh is always greater than U,, (Leet, 1990).155
In case c) no elongation of the reinforcement will occur.Debonding of the
interface of concrete-reinforcement interaction will take place before tension/pseudo-
yielding strength of the rebar has been reached.
5.3.5. Procedure
A rate of loading equivalent to that used in ASTM C 234- 86 ( 1 mm / min)was
used for all tests (ASTM C 234-86). Concrete specimens were attached to the testing
machine through test fixture designed and manufactured for the needs of this study (Figure
5.8).The tests were displacement controlled.Occurrence of the first crack on the
concrete as well as its propagation during the increasing load were observed.
The test set-up is schematically shown in Figure 5.7.The locations of the three
measuring points (LVDTs 1, 2 and 3) were chosen to allow the bond slippageto be
determined in accordance to the understanding that the allowable bond stresscan be
defined as the smaller of that associated with slip of 0.01" (0.25 mm) at the loaded end
and 0.002" (0.05 mm) at the free end of the rebar (Leet, 1990).LVDTs #1 and 3
measured the relative movement between concrete and reinforcing unitat free and loaded
ends respectively. LVDT #2 recorded any slippage in the grippingarea of the rebar,
providing valuable information about the grip performance during thetest.Figure 5.9
shows a typical load versus displacement diagram resulting from thistest.do las Isai :8.5
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FIGURE 5.9: Typical Test Results (Load Vs. Displacement Diagram)
The design of the gripping device was of great importance to this study. FRP
rebars are very brittle in the direction perpendicular to the fibers orientation. Regular V-
grips or jaw grips cannot be used, because failure occurs in the grippingarea, which
invalidates the test. Many researchers have worked to improve pull- out test grips (Porter
and Barnes,1991; Pleimann,1991;Abrishami and Mitchell,1992; Brown and
Bartolomew, 1993) with varying degrees of success. A picture of the grip used for the158
pull- out test in this investigation is shown in Figure 5.10. Someminor changes in the
grip were made during this study, but the overall performance of theprototype unit was
satisfactory. None of the FRP rebars tested during this study failed in the grip.The
gripping device presented herein consists of an external body and internal changeable
sleeve. This make it suitable for use with a variety of differently sized FRP rebars both for
pull- out and tensile tests.
FIGURE 5.10: Gripping Device159
5.3.6. Experimental Results
The major results from this investigationare shown in Table 5.3.In order to
eliminate the influence of the various concrete compressive strengths, theultimate bond
strength for each specimen was normalized with respectto the concrete compressive
strength (Leet, 1990). K-values were determinedwhich are the major parameters
representing the overall bond reliability between concrete and reinforcement.
Keeping in mind that the K- value for mild steel is between 30 and 35 (Leet,1990; Brown
and Bratolomew, 1993), the results obtained from this studyare very encouraging.
Values for composite reinforcement ranged from 17.5 to 68. The differencein the K-
value between the reinforcing units is mainly due to the differenttype of deformations and
relative rib areas.Difference in strength can be evaluated using the ratio of lug heightto
the average diameter of the rebarwith respect of the entire area provided by the
deformations. Observations related to the influence of the deformationpattern, rib height
and relative rib area on the bond performance match the conclusionsof other researchers
(Clark, 1949; Losberg and Olsson, 1979; Darwin and Graham, 1993).It seems that the
relative rib area (significantly larger in Solid "A" rebars) hasa dominant effect. Maximum
bond strength appears to be independent of the rib height.The average rib height was
0.045" (1.14 mm) for the Solid "A" bars and 0.03" (0.762 mm)for the hollow ones.
Based on other research (Malver, 1994 a)as well as the observations from this
investigation, it appears that under conditions of low confinement(2.5" (63.5 mm) in thisTABLE 5.3: Bond Strength TestResults
Table 2: Bond Strength Test Results
specimen
manufacturer
rebar
diameter
tin]
rebar
circumference
On]
embedment
length
[fin]
concrete
compressive
strength
[psi]
max. load
Pb]
bond
strength
Ilb/in]
bond
stress
[pal]
k -valueType of
failure
Note
OSU/OCI* 0.75 2.355 10 5060 12476 1248 530 17.54split
OSU /OCI' 0.75 2.355 7 5060 10781 1540 654 21.65split OSU/OCI' 0.75 2.355 4 5060 8002 2001 850 28.13split
OSU/OCI" 0.75 2.355 10 6830 13520 1352 574 16.36split
OSU/OC1" 0.75 2.355 7 6830 11290 1613 685 19.52split
OSU/OCI" 0.75 2.355 4 6830 10876 2719 115532.90split
Solid "A" 0.75 2.355 10 3605 25976 2598 110343.27split
Solid "A" 0.75 2.355 7 3605 17963 2566 109042.74split
Solid "A" 0.75 2.355 4 3605 16354 4089 173668.10split
Solid "A" 0.50 1.570 10 3605 15510 rebartension failure of the rebar Solid "A" 0.50 1.570 7 3605 10581 rebartension failure of the rebar Solid "A" 0.50 1.570 4 3605 8424 2106 1341 35.08split
Solid "B" 0.75 2.355 7 4910 3025 432 183 slipslippage between rebar and concrete Solid "B" 0.5 1.57 7 4910 3137 448 285 slipslippage between rebar and concrete
float2.54 an
1 pal . 6.89 kPa
llbs - 0.4541%
lbailnch0.179 kg/an161
study) bond strength is governed by splitting of concrete independent of deformation
pattern.
An increase in the embedment length results in an increase in the maximum load
carrying capacity for all FRP types specimens, regardless of concrete compressive
strength, type of reinforcement or bearing deformations.
It was noted that specimens reinforced with commercially available solid glass fiber
rebars failed suddenly (Solid "A").Allspecimens reinforced with 3/4"(19 mm) solid
rebars failed due to the sudden columnar split of the concrete when maximum loadwas
reached with no visible cracking prior to this.This sudden failure is very similar to the
tension failure mode of this reinforcement, which is the major factor preventing its broad
application in the civil engineering practice.
The majority of the specimens reinforced with 1/2" (12.7 mm) in diameter solid
glass- fiber rebars (Solid "A")failed by loss of tension strength of the rebar while the
surrounding concrete was undisturbed.Increased clear cover in this case (due to the
smaller rebar diameter) had a dominant effect on the type of failure.
The main failure mode of the specimen reinforced with the hollow reinforcement
was by splitting of the surrounding concrete. In all tests, cracks formed and propagated
while the test proceeded thus allowing the test to be stopped preventing damagingthe
testing machine.This type of behavior is definitely more desirable froma design
standpoint and close to the performance of steel reinforcedconcrete.Additionally, the
results have to be regarded with the clear understanding that the hollow 3/4"(19 mm)162
rebars were designed as a substitution for mild steel Grade 60, No. 4 rebars, while the
same diameter solid rebars (Solid "A" and "B") have much higher tensile strength. This
affects the load carrying ability of the reinforcing unit which has a significant influenceon
the ultimate bond strength as well as type of failure.Also, the bond strength could be
affected by many factors, such ascoarse aggregate size, inconsistent bar diameter
(particularly in Solid "A" type rebars), inconsistent deformation pattern, rib height,etc.,
which may result in unrealistically high nominal values of the bond strength.
Comparison between the results from the seven and the twenty eight day tests
show, as expected, that bond strength increases with time. An overall increase in bond
strength of 20 % was found (Table 5.3).
The smooth glass- fiber specimens (Solid "B") failed through slipping.No
cracking or any other disturbance of the surrounding concretewas recorded. This friction
type rebars induce very small stresses on the concrete reinforcement interface. Failurewas
defined when the relative movement between rebar and concrete became approximately
0.5" ( 12.7 mm), and no further load increase was recorded.
As was mentioned earlier, the phenomenon of nominal bond strength increase
when the embedment length decreases can be explained by the brittlenature of the failure
(Figure 5.11).The existence of size effect law must be expected in pull-out tests of
reinforcing bars embedded in concrete. It can be safely assumed that the tensile resistance
of different specimens prepared from the same batch of concrete and reinforced withthe
same type of rebar are very similar.While the cross section of the reinforcing unit is
unchanged, the only variable is the effective length of the rebarover which the resulting163
forces from the pull-out load are distributed.Validity of the size effect law and the
assumptions mentioned above lead to the conclusion that the effectivelength as a
percentage of the entire embedded length decreases with increase of the embeddment
length. This is the major reason that causes nominal bond strength decreasewith increase
of the projected length of embedment.Of course, the possibility the influence of
unexpected factors, such as specimen preparation and testing conditionscan not be fully
ignored, but itis believed that they do not have a major impact in generating this
phenomenon, which shows a consistent trend in this and other (Faza and GangaRao,1990;
Bazant and Sener, 1988) investigations.
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FIGURE 5.11: Embedment Length Effects164
As was expected, the increase of rebar diameter leads toan increase of the load
carrying capacity of the specimen. Bond strength and maximum developed bondstress, as
well as the resulting K- value also increase with the increasing bar size.
5.3.7. Conclusions and Recommendations
The following conclusions can be derived from this investigation:
1) A new type of hollow glass- fiber reinforced plastic rebar has been proposed
as alternative to steel reinforcement. The new rebar has an inner opening of 0.5" (12.7
mm).The usage of this reinforcement might be of great advantage for continuously
reinforced concrete pavements and other transportation and civil engineeringfacilities.
From structural point of view the hollowness is an advantage, making the reinforcing unit
lighter, while having the same load caring capacity and larger surfacearea to provide
better bonding to concrete. At this stage, all experimental results relatedto the structure
of the newly developed hollow rebar represents preliminary work andare not intended to
be regarded as either definitive or complete.
2) The bond strength of all deformed specimens tested during this study and
represented by the maximum load carrying capacityper unit of reinforcement was found
satisfactory and very closely compatible to steel reinforcement.In general, glass- fiber
reinforcement definitely can provide an excellent alternative to mild steel, especiallyin
harsh and aggressive environments.In order to find broader application in reinforced
concrete members, ductility of the FRP rebars has to be improved.It seems that the
layered structure of the new hollow reinforcement isan advantage.165
3) Even though the nominal bond strengths of the commercially available solid
rebar were found to be higher than the hollow one, the bond resistance behavior and mode
of failure of the newly developed reinforcing unit wasmore predictable and closer to steel
performance. This is mainly due to the layered system structure described earlier in this
paper.
4) The observed phenomenon of nominal bond strength decreases when the
embedment length increases. This can be explained with the size effect law and the brittle
nature of failure.Validity of this law has to be recognized when pull-out specimensare
tested.
5) In order to further increase the bond strength, changes in the deformations
design are recommended for the hollow reinforcement. Increasing their frequency by 50
percent will increase the ultimate load achieved at failure due to the better bearing
resistance of the reinforcement and better distribution of the inclined forcedon the
concrete interface.
6) As was expected, the rebar diameter, concrete compressive strength and
testing on the 28 versus 7- day ( completed for the hollow reinforcement only) increased
the bond resistance.
7) Glass- fiber reinforced plastic rebars without deformations/ lugswere found
unsuitable for structural application due to the very low values of the achieved load prior
to failure.166
6. EFFECTS OF CONCRETE COMPRESSIVE STRENGTH ON THE BOND
STRENGTH OF FRP REINFORCEMENT
6. 1. Determination of Bond Strength Between Concrete and Steel
The nominal bond strength of a reinforcing bar can be determined by measuring
the force needed to produce excessive slippage or pullout ofa bar embedded in concrete.
The bond strength between concrete and steel dependson numerous factors, with
concrete compressive strength, embedment length and rebar diameter being the most
significant.
The current expression of nominal bond strength is basedon a beam tests carried
out at the National Bureau of Standards (Leet, 1990). Ifshear bond stresses uu of
constant magnitude are assumed to act uniformly on the rebar surfaceover an embedment
length /, the equilibrium between the bar forces and the externally applied force F,can be
expressed as:
where:
uu =F/C/ (Eq. 6.1)
uu - nominal bond stress (Pa);
C - circumference of the reinforcing unit (mm);
/ -embedment length of the reinforcing unit (mm);
F- applied load (N).167
Substituting the experimental values of F into Eq. 6.1 gives the nominal bond
stress that can be approximated by the following empirical expression (Leet, 1990):
= 20 4e, / db (SI)
= 9.5 db (English)
where:
(Eq. 6.2)
- concrete compressive strength (MPa);
db - rebar diameter (mm);
20 (9.5) - empirical coefficients in SI and English units, respectively.
Since is recognized that the bond failure is controlled by tensile cracking, equation
6.2 is correlated withrather than fc.
The above expression of bond strength between concrete and steel doesnot
account for the concrete clear cover, presence of transverse reinforcement,i.e.,
confinement of the concrete surrounding the bars, and other variables knownto influence
the bond. Thus, the experimental values may significantly differ from the predictions.
An alternative approach expresses the bond strength in terms of stress and is
reported as nominal bond strength per unit length, i.e., the bond forceper unit of
embedment length (Brown and Bartholomew, 1993).
1.1 =C = 63.34e, (SI)
= 2014(English)
(Eq.6.3)168
where:
Uu - nominal bond strength per unit length (N/mm);
63.3 and 20 - empirical coefficients for SI and English units, respectively.
As can be seen from Eq. 6.3, the bond strength between steel andconcrete is
predicted on the basis of concrete compressive strength only. Again, it should be noted
that the bond strength is influenced by a large number of variables thatare not directly
accounted for in the above equation.
Another approach for estimating the bond strength disregards the influence of the
concrete strength. Benmokrane, et al. (1996) proposed that the mean bond strengthover
the embedment length can be calculated using the following:
1.1,=Thrdb/ (Eq. 6.4)
where:
- mean bond strength (Pa);
T - tensile load applied on the specimen (N);
db - nominal rebar diameter (mm);
/ - embedment length (mm).
Investigating the transfer of tensile forces through bond, Jiang,et al. (1984)
expressed the peak bond stress by the following empirical formula:= 0.034 a. (1- 0.01 a.) (Eq.6.5)
where:
169
uo - peak bond stress (Pa);
as. - steel stress (Pa).
The value of uo is considered as a material property, dependingupon bar diameter, and
steel stress.
The most widely used approach to compare bond performance of various
reinforcement units is through K-values. The K-values normalize the results withrespect
to reinforcement diameter, embedment length,and the compressive strength of
surrounding concrete.
K =/= F / (Eq. 6.6)
6.2. Case Studies
Soroushian, et al. (1991) studied the effect of concrete compressive strengthon
bond strength of steel rebars. The test results indicate that the ultimate bondstrength
increases almost proportionally with the square root of the concrete compressivestrength.
However, the other characteristic values of bond stress and slip in local bondstress-slip
relationship were not influenced by variations in concrete compressive strength.
A study conducted by Eligehausen, et al. (1983) presented the results ofa limited
number of tests on the effect of concrete compressive strengthon the local bond behavior170
in confined concrete reinforced with steel bars. The study concludedthat at higher
concrete compressive strengths the bond stiffness, strength, and post-peak resistance tends
to be higher. However, these conclusions were based on tests with only two different
concrete strengths.
Bigai, et al. (1997) conducted a test serieson. bond between conventional steel
rebars and different concrete mixes. Three principle variableswere investigated: concrete
confinement, concrete strength and bar diameter. The 28-day concrete compressive
strengths varied from 28.5 MPa (4100 psi) to 96.9 MPa (14 000 psi). The relative
displacements of the loaded and free ends of pull-out specimenswere measured along with
steel strains. Bond stress-slip curves were derived. Higher bond strength in theinitial stage
of the curves was observed for high strength concrete comparedto normal strength
concrete. Also, peak bond stress was higher for the high strength mixes. However, when
the results were normalized to the square root of the respectiveconcrete compressive
strength, about 25 percent lower values for high strengthconcrete were obtained.
Fundamental disparities were observed between test data and the prediction of thebond
strength using the existing methods (Eq. 6.6). The study concluded that for highstrength
concrete and the associated large steel strains, a new general bond model is required that
accounts for the material properties and the state of stress in the bars.
Olofsson, et al.(1995) conducted a study and developeda theoretical model for
bond based on fracture mechanics properties of the materials. Four conventionalEuropean
sizes steel rebars with diameters ranging from 8mm to 32 mm (0.3 in. to 1.26 in.) were
embedded in normal and high strength concretes. In orderto consider the size dependency171
of the tests, the bond stress was normalized with regard to theconcrete splitting strength.
The results indicated that the normalized bond strength increasesas the bar diameters
increase from 8 and 16 mm. The high strength concrete mixes hada higher normalized
bond strength than the normal strength concretes for the small and intermediate sizebars.
For32mm bars the normalized bond strength for high strength concretes decreased
compared to normal strength mixes.
It seems that, at present, the complexity of the problem precludes the development
of a general expression describing bond strength. This has made it difficultto establish
suitable formulas for use in design practice.
Another study showed that changing the bond performance from "no bond"to
"perfect bond" is associated with a concrete strength increase in therange of 15 to 40
percent (Mindess, 1995).
While it is generally accepted that increasing concrete strength willlead to an
increase in the bond strength, the experimental evidence for this isnot consistent.
Bond properties are usually described by empirical relations, basedon pull-out
tests of bars cast in low and medium strength concrete. Since for normalconcrete and
reinforcing steel grades, yielding of the steel will notoccur in such tests, the measured
bond strength and the empirically derived relations reflect only softeningof the concrete,
but not the effects associated with yielding of the bar itself Experimentshave proved that
the local bond stress-slip relations are influenced by yielding of reinforcingsteel (Shims et
al.,1987;Engstrom,1992).The limited validity of the existing formulas for bond strength
calculations is acknowledged (Bigaj et al.,(1997)and their applicability in structural172
analysis should be reconsidered. For more refined analysis of the bond strength
phenomenon, the influence on bond of the stress in the bar itself is needed, which isnot
taken into account by the current prediction equations (Eq.6.1 to 6.3).
In appears that the steel stresses and associated yielding Poisson's effectsmay be a
significant factor influencing the bond. Thus, the K-values will fail to providean adequate
comparison between different reinforcing units since their formulation (Eq.6.5) doesnot
take the steel stress into account.
Guerin, et al. (1993) proposed a dimensionless parameter called Mobilization of
Yield Resistance (MYR) Ratio for comparing the bond performance of various reinforcing
units.
MYR =Traction of the Reinforcing Unit /Yield Resistance of Reinforcement(Eq. 6.7)
MYR ratio represents the efficiency of the bond developed between reinforcement
and concrete. Yield resistance of the reinforcementcan be estimated multiplying the yield
stress of the reinforcement by its cross-sectional area. Details and validation of MYR ratio
with various reinforcing units are available elsewhere (Guerin et al., 1993; Kachlakev,et
al., 1995; Lundy and Kachlakev, 1996).
The bond of reinforcement in concrete is a very complex topic. The inadequacy of
the existing codes and standards for predicting bond strength is recognized worldwide.In
an attempt to revise the existing approaches, the Comite Euro-International du Beton173
(CEB) established a Model Code 1990 workinggroup (CEB-FIP Model Code 1990).
Innovative developments in bond philosophy, evaluation of bond models, bond and
concrete strength are among the prime tasks considered by this committee.
6. 3. Determination of Bond Strength Between Concrete and FRP Reinforcement
Obviously, the approaches for determination of bond strength described above
contradict with one another. While it is widely recognized that the bond performance is
typically governed by concrete failure, the experimental results from different studies
conducted on FRP reinforcement show only minimal influence of theconcrete strength.
Thus, it is difficult to compare conventional steel rebars with FRP reinforcingunits in
terms of bond using the existing formulations.
Equation 6.6 would allow comparison between differentconcrete mixes and
reinforcing units in terms of bond, if the influence of the concrete compressivestrength on
bond strength were definitive. However, the results obtained by Al-Zahraniet al. (1996),
and Lundy and Kachlakev (1996) suggest that the bond strength betweenFRP rebars and
concrete is not consistently affected by the concrete compressive strength. Furthermore,
Eq. 6.6 often predicts unrealistically high K-values for FRP bars (Kachlakev,1997).
A study conducted on FRP rebars at Pennsylvania State University(Al-Zahrani
et.al ,1996) investigated the effect of concrete compressive strengthon bond. Four
different mixes were used with average strength varying from 31.4 MPa(4600 psi) to 66.1
MPa (9600 psi). All four mixes producedvery similar bond strengths with same174
mechanism of failure. The study concluded that the bond failureof a given FRP rod is
independent of concrete compressive strength.
The difference between test results in these studies and predictionmodels could be
attributed to the general assumptions in the bond models that thestate of deformations in
the rebar and the related Poisson's effects havea neglectable influence on the bond
resistance. To the extent that the rebar's rib bearing against theconcrete is the governing
load transferring mechanism (i.e., splitting type of failure), thisstatement is justified. This
is particularly true for steel rebars when thetransverse deformations of the ribs are small
compared to their height. However, when the force transfermechanism changes from
bearing to friction type (pull-out failure), the localtransverse deformations of either the
ribs or the bar itself cannot be disregarded. In thiscase the Poisson's effects may influence
the development of the bond stress. For steel rebars experiencingincreased stress during
bond strength development (embedded in confined environment),this would result in a
release of the radial strain and, consequently, reduction ofbond stress. This type of
behavior may be evident in steel, but only when yieldingoccurs. The larger Poisson's
effects, lower modulus and surface deformability of the FRPreinforcing bars determines
even greater dependency of bond strength on rebar properties.175
6.4. Evaluation of Bond Characteristics of Steel and Glass-FiberReinforcing Bars
by: James R. Lundy and Damian L Kachlakev
6.4.1. Background
Bond between the reinforcing unit and concrete is difficultto quantify, yet
critically important to the performance ofa wide variety of structures.This bond is
estimated with a many different laboratory tests. One commonly used methodis the pull-
out test. In such tests, a tensile load is applied to the reinforcement and transferredto the
concrete by the deformation ribs of the rebar. Failureoccurs when the imposed stresses
cannot be sustained by the bond. Typically, this occurs by shearing of theconcrete matrix
and crack propagation. Failure is typically defined bysome limiting slippage between the
bar and concrete.It is widely accepted that local bond failureoccurs when the crack
opening exceeds 0.5 mm (0.02 in) (Guerin et al. 1993; Leet 1982).
Although the pull-out test is fairly simple to conduct, itmay underestimate the true
bond strength if Poisson effects reduce the rebar diameter.Theoretically, the motion of
the rebar should be parallel to the applied load withno transverse components.The
alternate procedure used in this study obviates the Poisson effects bychanging the way the
load is applied. In this method the reinforcing unit isnot attached to the testing machine.
Rather, a tensile force is applied to the surroundingconcrete through bolts embedded at
each end of the concrete specimen (Figure 6.1). Asa result of a preset plane of weakness,176
the concrete transfers the applied external force to the reinforcement.The stresses
involved in this transfer lead to crack propagation and eventual bond failure.
The procedure simulates the conditions to which concrete reinforcingbars are
subjected in the cracking zone.Field observations confirm that the concrete, not the
reinforcing unit is pulled away from the initiated crack (Won 1988). Theseobservations
are modeled through an appropriate combination of specimen arrangement, loading
pattern and displacement control. The tolerable crack opening mayvary among different
structures depending on their application.Unlike the pull-out tests, the new procedure
allows for evaluation of the bond strength ata variety of crack openings, rather than at
maximum load sustained by the specimen. Asa result, development of the bond strength
relative to the crack propagationcan be studied in accordance with the particular needs of
various structures.Detailed description of the test procedure is provided by SOLLAC
("Concrete" 1994).
6.4.2. Test Arrangement and Materials
The test equipment used in this study included:an MTS testing machine with
maximum capacity of 135 kN (30 kips); three LVDT with maximum strokeof +/- 2.5 mm
(0.1 inches); and a data acquisition system. The test specimenswereApplied load
Tie bolts Reinforcing unit
Displacement transducers
and holding rings
Applied load
FIGURE 6.1: Test Specimen Arrangement
Preformed crack
Concrete specimen
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attached to the testing machine through custom fabricatedsteel plates using eight tie bolts
embedded into concrete at each end. In turn, the steel plateswere attached to the loading
cell and the non-movable yoke of the testing machine.Three linearly- variable
displacement transducers (LVDT)were arranged around a circumferential clamp
positioned at mid-height of the specimen. In orderto obtain good coincidence between
vertical axis of the specimen and testing machine,a 2.2 kN (500 lbf) pre-tension load was178
applied prior to beginning of the test.The tensile force was applied at a displacement-
controlled rate of 0.03 mm/min. (0.0012 in/min.).The tests were terminated when the
average reading of LVDT indicated a crack opening of 1.5 mm (0.06 inches).
Two groups of specimens were tested.The first group of specimens were
reinforced with conventional No. 4 and No. 5 steel rebars. The steel hada yield strength
of 414 MPa (60 ksi); effective rebar section of 129 and 200 mm2 for No. 4 and No. 5 bars,
respectively. The bond strength was evaluated with two concrete mixes having 28-day
design compressive strengths of 27.6 MPa (4000 psi) and 48.3 MPa (7000 psi).
The second group of specimens was reinforced with hollow, glass-fiber reinforced
plastic (GFRP) rebars developed at Oregon State University and produced locally. These
prototype units have inner and outer diameters of 12.7 mm (0.5 inches) and 21mm (0.82
inches), respectively. Deformations were formed by bondinga glass-fiber composite wire
to the unit. This reinforcing unit was designed as a substitute for No. 4 steel rebar. The
average tensile strength was 7.86 GPa (114 ksi) ("Standard" 1990). Hollow units were
embedded in concrete mixes with design compressive strengths of 20.7 MPa (3000 psi),
34.5 MPa (5000 psi), and 55 MPa (8000 psi).
6.4.3. Test Results
The testing program emphasized No. 4 rebars, since theprototype hollow GFRP
rebars were designed as a substitute for this size of steel reinforcement. Twelve steel and
twelve GFRP units were tested. Large size steel reinforcement (No. 5)was also tested.179
Tensile properties of the reinforcing unitsare shown in Table 6.1. Bond performance of
the hollow GFRP and steel rebarswas evaluated at the maximum load. Actual concrete
compressive strengths, along with test results are presented in Table 6.2 forboth steel and
GFRP units.As seen in Table 6.1, the tensile properties of the steel and glass-fiber
reinforcing units are significantly different.Therefore, the bond performancewas also
evaluated at a crack opening of 0.25 mm (Table 6.3).
TABLE 6.1: Tensile Properties of Reinforcing Units
Properties GFRP Hollow
Rebar
Min. tensile strength, MPa
Tensile strength, MPa
Min. yield strength, MPa
Strain at yield point, %
Strain at failure, %
Modulus of Elasticity, GPa
787
262
N/A
3.33
24
Steel Rebar
Grade 60, No. 4
620
414
0.35
10
200
Bond performances were compared using K-values anda dimensionless ratio,
Mobilization of Yield Resistance (MYR). The K-valuesare largely dependent on the
concrete compressive strength.The MYR value represents the efficiency of the bond
developed between concrete and reinforcement, which directlygoverns the crack opening.180
MYR is expressed by the following equation (Guerin et al. 1993).
MYRMeasured
load on the reinforcing unit
Yielding load of reinforcing unit
For example, a MYR of 100 percent at an opening of 0.25mm (0.01 inch) would indicate
that the entire load carrying capacity of the reinforcement has beenmobilized in the bond
transfer between the concrete and the rebar.
TABLE 6.2: Average Bond Strength Properties at Maximum Load
Reinforce-
went
Type
Test
Series
Concrete
strength
(MPa)
Load
(kN)
Bond
strength
(N/mm)
Bond
stress
(MPa)
K-value
No. 4
Steel
1 30 (1) 110 (1)540 (1) 13.5 (0.1)98.6 (0.2)
2 47 (1) 123 (1)605 (5) 15.1 (0.1)88.7 (0.7)
No. 5
Steel
1 30 (1) 124 (33)608 (162)12.2 (3.3)116 (30)
GFRP
1 21 (4) 133 (12)651 (61)9.9 (0.9) 143 (1.2)
2 38 (2) 135 (10)664 (48)10.2 (0.7)109 (10.6)
3 52(1) 137 (36)672 (175)10.3 (2.7)93 (23.3)
Note: Standard deviations are shown in parentheses181
TABLE 6.3: Average Bond Strength Properties at 0.25 mm Crack Opening
Reinforce-
ment
Type
Test
Series
Concrete
strength
(MPa)
Load
(IN)
Bond
strength
(N/mm)
Bond
stress
(MPa)
K-valueMYR
No. 4 1 30 49 243 6.1 44.3 78
(1) (14) (67) (1.7) (12) (20)
Steel 2 47 37 183 4.6 26.8 60
(1) (8) (40) (1) (6) (2)
No. 5 1 30 57 282 5.7 53.7 59
Steel (1) (19) (93) (1.8) (14) (16)
1 21 24 120 1.8 26.8 62
(4) (7) (33) (0.5)(7.2) (18)
GFRP 2 38 20 96 1.5 15.6 49
(2) (2) (11) (0.2) (2.1) (6)
3 52 48 234 3.6 32.3 98
(1) (12) (59) (0.9) (7.9) (2)
Note: Standard deviations are shown in parentheses
The yielding loadiscalculated by multiplying the yieldstrength of the
reinforcement type by the cross-section area of the rebar.The load carried by the
reinforcing unit corresponds to the maximum load sustained by the specimen, eitherat
failure or at a particular level of crack opening.182
Calculations of MYR for the steel rebars were basedon 414 MPa yield strength
and the effective areas of rebars. Estimates of the MYR for the GFRP rebarswere based
on the assumption that a pseudo-yield resistance was equal to 30 percent of the ultimate
tensile strength. Thus, the pseudo-yield resistance of GFRP rebars used in this studywas
414 kN.
6.4.4. Discussion
Relationships between concrete compressive strength and maximum bondstress
and strength for both types of reinforcementare shown in Figure 6.2. The GFRP rebars
showed very little increase in bond stressor strength when the concrete compressive
strength increased from 21 to 52 MPa. In contrast, both the maximum bondstress and
strength of steel rebars increased approximately 10 percent withan increase in concrete
strength from 30 MPa to 47 Mpa. It appears that the concrete compressivestrength has
no significant influence on the maximum bond stress and strength for GFRP rebars. Unlike
GFRP rebars, the bond performance of steel reinforcement is influenced by thestrength of
the surrounding concrete. This finding is also reported by Leet (Leet 1982).
Table 6.3 and Figure 6.3 present test results at crack openings of 0.25mm for steel
and GFRP rebars. Bond strength and stress values didnot follow the expected trends for
either GFRP or steel.Test results were highly varied compared to the maximum load
results (Table 6.2).For example, the coefficient of variation was only 1percent when
specimens were tested to maximum load, but the coefficientwas more than 25 percent for
the 0.25 mm crack opening tests. The high variabilitymay be attributable to the low level183
700 - 16
Steel 14 600
12 500
10 400 8
taz 300 6
200 Bond Strength 4
100 Bond Stress 2
0 0
0 10 20 30 40 50
Concrete Compressive Strength, MPa
60
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of displacement at which the measurement is made. Thesustainable load is governed by a
combination of adhesion and mechanical interlocking betweenrebar ribs and concrete. At
0.25 mm (0.01 inch), a bond failure has not yet occurred. Thisinconsistency has also been
reported by Malvar (Malvar 1994).
The alternative bond strength methodwas also used on Grade 60, No. 5 steel
reinforcement bars embedded in 30 MPa concrete. Maximumbond strength results are
compared for Nos. 4 and 5 rebars in Figure 4. Anaverage increase of over 17 percent in
bond strength was observed for No. 5 steel rebar relativeto No. 4 bar when the concrete
strength remains unchanged. At thesame time the maximum bond stress exhibited a
decrease in about 10 percent under thesame conditions.184
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The average K-values decreased with increasingconcrete strength for both the
steel and GFRP reinforcement when resultsare evaluated at maximum load (Table 6.2).
However, no clear trend is evident when the resultsat 0.25 mm crack opening are
examined. These results are similar to other reported research(Kachlakev et al. 1995).
The mobilization yield resistance (MYR) of the No. 4 steel decreasedby 23 percent when
concrete strength was changed from 30 MPa to 47 MPaor when the bar size was
increased from No. 4 to No. 5. The GFRP units didnot display this trend. Again, these
findings have been reported by other researchers (Auniset al. 1994).
4.4.5. Conclusions
The performance of the steel-reinforced specimens issignificantly influenced by
concrete compressive strength when results are examinedat the maximum sustained load.
This is not the case for the GFRP units which have approximatelythe same bond strength
and stress irrespective of concrete strength.
Concrete compressive strength exhibitedno consistent influence on the bond
performance of either steel or GFRP reinforcementat 0.25 mm of crack opening for either
type of reinforcing unit.This could be associated with thegeometry of the rebars,
deformation patterns or the thickness ofconcrete cover.For example, about 25 mm
additional clear cover is provided in specimens containingthe smaller diameter No. 4 steel
bar compared to GFRP rod. Additionally, otherresearchers have reported that concrete
members reinforced with composite rebars tendto exhibit more cracking than steel-
reinforced elements under similar conditions(Schemeckpeper-1994, Faza-1990).186
The calculated K-values from maximum load data show similartrends for both
GFRP and steel units.However, again the results at 0.25 mm crack openingare not
consistent for either reinforcing type.The different K-values and MYR parameters
associated with steel and composite reinforcing unitsmay be attributable to the differences
in the physical properties or geometry between these bars. Since theGFRP rebars do not
exhibit steel-like yielding, the MYR calculationsare provided for comparison only. The
use of a pseudo-yielding value for GFRP resulted in MYR values similar to those of steel.
6.4.6. Recommendations
The performance of the steel and GFRP rebarsat maximum load levels was found
very compatible. The results suggest that, at least with regard to bond performance, it
may be possible to consider substitution of these GFRP units for No. 4 steel rods.
However, it appears that when composite reinforcement is used, additionalclear cover
may be required to yield similar performance.
The concrete compressive strength hasno significant influence on the maximum
bond performance of the investigated GFRP rebars. Thiscounter-intuitive results require
additional investigation, particularly usinga wide variety of composite reinforcing types.
Neither reinforcement type yielded consistent trendsat load levels less than the maximum.
Additional research should be conducted to further characterizethe performance of
reinforcement at a variety of load levels.
Further testing and analysis are needed to determine appropriatepseudo-yielding
strength of composite reinforcementsas a percentage of their ultimate tensile strength.187
The mobilized yield resistance (MYR) may be a useful parameter to describe the
bond between concrete and reinforcement, particularly if composite reinforcement bond
performance is shown to be insensitive to concrete strength.
The bond testing procedure used in this study more closely simulates the load
transfer mechanism observed in structural members.With additional experience the
method may prove to be an useful alternative to pull-out testing.188
7. TILE INFLUENCE OF COMPOSITE MICROSTRUCTURE
7. 1. Microstructure of Multilayered FRP Bars
7.1.1. Elastic Behavior of FRP Rebars
The overall behavior of a multidirectional laminate isa function of the properties
and the stacking sequence of the individual layers. The behavior of each layer and its
dependency on the materials properties (elastic constants) and fibers orientationwas
outlined in Chapter 2. The failure mechanisms vary greatly with material properties and
type of loading (unidirectional or off-axis). Even if the predictions for each individual layer
are accurate, they are only an approximation as far as global failure of the laminate is
concerned.
From the macromechanical point of view, the strength ofa composite laminate is
an anisotropic property, i.e., varies with orientation. Obviously, it is desirable to correlate
the physical properties to some basic parameters. Characterization of the basicstrength
parameters referenced to the principle material directions of each layer isan appropriate
approach. For a given state of stress, the principal stresses and their directionscan be
obtained using stress transformations thatare independent of material properties. The
principal strains and their directions are similarly obtained by using appropriateanisotropic
(or orthotropic) stress-strain relations and strain transformations. Ingeneral, the principal
stresses, principal strains, and material symmetry directions do not coincide. However,to
simplify the design and to achieve desirable behavior of the compositesystem, the189
of the various layers is often selected accordingto the expected type of loading. Since
strength varies with orientation, maximumstress alone is not the critical factor for failure.
An appropriate theory is needed (generally anisotropic)to take into account both stress
and strength variation with orientation.
The orientation governs not only the magnitude offailure stresses and strains (as
described in Chapter 2), but also determines thetype of failure. Figure 7.1 shows the
failure dependency of fiber orientation for glass-fibercomposite. Three regionscan be
identified, corresponding to three different modes of failure,namely: fiber failure, in-plane
shear failure, and transverse normal stress failure (purematrix failure).Obviously, case
two (in-plane shear failure) depends on matrix shear strengthand quality of the bond
between the fibers and matrix. If the bond betweenfibers and matrix exceeds the shear
strength of the matrix, the latter willgovern the failure and vice versa.
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FIGURE 7.1: Strength of Off-Axis E-Glass/EpoxyComposite Lamina as a Function of
Fiber Orientation (Daniel and Ishai, 1995)190
In order to provide adequate composite behavior of the laminate, thestrains must
vary linearly through the thickness, whereas the stresses do not. Because of the
discontinuous variation of the transformed stiffness matrix [Q],,,y (shown in Chapter2) the
stresses may also vary discontinuously from layer to layer. This is illustrated fora
hypothetical laminate in Figure 7.2. For a certain linear strain variationthrough the
thickness, which can result from some type of loading, the variation of the elasticmodulus
from layer to layer can cause the discontinuous stress variation. Inmany applications the
stress gradient through the thickness can be disregarded.However, when the bond
between FRP bars and concrete is evaluated, the stress in the layeradjacent to the
concrete face may have significant impact on bond strength and performance.
Laminate Strain Relative layerStress
variation ( ex)moduli ( E x) variation ( ax)
FIGURE7.2: Linear Strain Variation and Discontinuous Stress Variation in
Multidirectional Composite (Jones, 1975)191
Z1.2. Computer Simulations of State of Stress in FRP with Different Fiber
Orientations
A flow chart for stress and failure analysis under general mechanical and thermal
loading is shown in Figure 7.3. The procedure involves the followingstages:
1. Input the basic material properties (E1, E2, G12, and v12).
2. Estimate the stiffness [Q]12 of each layer referred to the principal materials
direction.
3. Account for the fiber orientation of each layer and calculate the transformed
layer stiffnesses [Q],y referring to the direction of the anticipated loading.
4. Input the thickness of the laminate (FRP bar wall thickness).
5. Calculation of laminate stiffness matrices [A], [B], and [D]
6. Calculation of laminate compliance matrices [a], [b], [c] and [d].
7. Input the maximum load or moment to be sustained by the laminate.
8. Calculation of layer strains and stresses referred to the principal material
directions.
9. Determination of the safety factors (usually specified accordingto specific
needs).
10. Determination of laminate strength components in the respective direction.192
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Results for a hollow glass FRP rebar are presented in Appendix D.GENLAM
software program was used (Manual for GENLAM, 1988). Three levelsof loading,
corresponding to maximum tensile load carried by the bar, maximum developedbond
strength, and the bond strength of 0.025 mm (0.001 in.)are presented.
7.2. Relationship Between Stresses in the FRP and the Bond Strength of the
Composite (Concrete-Reinforcement) System
The bond of FRP reinforcement rods to concrete differs from that of conventional
steel reinforcing rods in concrete in many ways. The most important is the fact thatthe
mechanical properties and shapes of the reinforcement rodscan strongly influence their
pull-out behavior if insufficient concrete cover exists. This is unlike steelreinforcement,
where bond behavior is controlled by the strength of concrete. Another majordifference
between conventional steel and FRP reinforcement is that the formerare homogenous,
while the latter are heterogeneous.Typically, FRP bars have a fiber-reinforced polymer
core, enveloped by a resin rich layer, which may have either embedded sand particles,
glass fiber spirals, in order to create deformationson the surface of the bar, or just
protective resin layer. Further, the steel does not experience significant chemicaladhesion
to concrete, while the many commercially available FRP rods generally havestrong
adhesion, due to the sand particles. The fact that FRP failure typicallygoverns the
FRP/concrete bond in case of adequate concretecover (Uppuluri et al., 1996) implies that
different FRP reinforcing units have theirown specific failure mechanisms and therefore194
different bond behavior. It is therefore apparent that the failuremechanism and its
influencing variable of each FRP reinforcement should be studied separately.
The influence on rebar microstructureon bond performance of FRP bars
embedded in concrete has not yet been extensively researched. Microstructuredetermines
the properties of composite materials toa great extent. As shown previously, different
fiberorientations and layer arrangements resultindifferentelasticmoduli, and
consequently different stresses and strains.
The reinforcing fibers dictate the axial tensile strength and thedeformation
capacity of the FRP materials if the stressesare parallel to the fibers. Since the bond
phenomenon by definition is a mechanism of load transfer between therebar and concrete,
it seem logical to suspect that it depends to certainextent on rebar properties.
Figure 7.4 shows the relationship between bond strengthand the concrete
compressive strength, i.e. ..c. / f and the concrete clearcover to the bar diameter (c/O)
according to Vandevalle (1992).It is apparent that if the ratio c/0 is less than 2.5, the
maximum bond strength is limited by splitting. For ratiosgreater than 3.5, the bond failure
will be exclusively governed by bar pull-out.
Faoro (1992 and 1993) established that for glass FRP rebars theconcrete cover
has to be increased in order to prevent splitting failure. A similarsituation was observed
with a variety of tests conductedon steel and FRP bars at Oregon State University during
this study. Specimens reinforced with FRP exhibitedsplitting initiating from the core of
the specimen and running in radial directions, whileunder similar conditions steel-
reinforced samples remained unaffected. This phenomenoncannot be explained by theTintx if(
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FIGURE 7.4: Bond Strength/Concrete StrengthRatio Vs. Clear Cover/Rebar Diameter
Ratio (Vandevalle, 1992)
results shown in Figure 7.4. Itcan be presumed, that the relatively low 'modulus of
elasticity of FRP bars and their higherdeformability in transverse direction playsan
essential role in the bond developing mechanism.It appears reasonable toassume, that as
the modulus of elasticity of FRP barsdecreases, the slippage between the reinforcingunits
and the concrete will increase (dueto greater deformability and greater Poisson effects).
These assumptions were observed during bondstrength tests at Oregon State University
performed on geometricallyidenticalbars withdifferentfiberorientationsand
consequently different elastic moduli.196
7.3. Bond Strength Study Of Hollow Composite RebarsWith
Different Micro Structure
by: Damian L Kachlakev and James IL Lundy
7.3.1. Introduction
The application of corrosion resistant fiber-reinforcedpolymer (FRP) rebars offers
an alternative to mild steel reinforcement improving the longevity and durabilityof
structural facilities exposed to aggressive environments.FRP rebars possess several
unique advantages for solving engineering problems whereconventional materials do not
perform well. Their excellent fatigue behavior, highstrength-to-weight ratio, high tensile
strength, non-conductivity and thermal expansioncloser to concrete (Nanni and Dolan,
1993) are among the well known advantages. A hollowFRP rebars present even more
advantages such as increased strength to weight ratioand bond, and providesa system
that could be used both as structural elements andconduits.
The tensile and bond strength of FRP rebarsare the most important characteristics
for establishing design procedures and recommendationsfor their application.Detailed
separation between the variables affecting the bondand tensile strength of FRP bars is
needed to predict the failure.
Currently, prediction of the bond strength isbased on concrete compressive
strength. Bond performance is evaluated through thedimensionless parameter K- value
(Leet, 1990).However, observations of some researchers(Al-Zahrani, et al.,1996;
Lundy and Kachlakev, 1996) suggest that theconcrete compressive strength does not197
significantly influence the bond strength ofconcrete members reinforced with FRP rebars.
Other parameters that may affect the bond behavior of FRPto concrete are rebar
geometry and surface conditions, deformation pattern, rebar diameter,type of fibers and
resin, and fiber volume (Faza and GangaRao, 1990).
The mechanical properties and surface deformations ofglass FRP rebars are
different from those of steel.Therefore, the bond strength prediction models andthe
variable controlling the bond between steel andconcrete are not necessarily applicable to
glass FRP bars.
The composite reinforcement unitsposses orthotropic, rather than isotropic
properties. Thus, the micromechanics playan important role in their analysis(Daniel and
Ishai, 1995). Micromechanical analysis is usedto study the strength, fracture toughness,
and fatigue life of composites, whichare strongly influenced by local characteristics and
cannot be averaged. The variables included in the analysisare the properties of the
constituent materials (fibers and matrix), fiber diameter andvolume, and fiber orientation.
The strains and stresses in the constituent materialsare estimated. Thus, matrix failure,
fiber failure or interface failure (debonding)may be predicted.
This study emphasized the bond behavior of hollowglass FRP rebars with different
microstructures. The different microstructures resultedfrom different fiber orientation
relative to the longitudinal axis of the bar. Unidirectionaland off-axis fiber orientations
were investigated.
The bond strength was studied through pull-out.Although not the most
sophisticated bond strength test (Faza and GangaRao,1990; Lundy and Kachlakev, 1996),198
the test was chosen because of its relative simplicity andease in measuring deformations
on the loaded and free ends of the bar. The test setup is shown in Appendix B.
Z3.2. Experimental Program
Thirty six pull-out specimens were tested during this study. Twenty fourwere with
unidirectional fiber orientation and twelve with off-axis orientation.Four different
concrete mixtures were used with 28-day compressive strengths ranging from 20.7 MPa
(3000 psi) to 41.3 MPa (6000 psi). Three different embedment lengthswere considered,
i.e., 102 mm (4 in), 179 mm (7 in) and 254mm (10 in). The various embedments were
achieved by removing the deformations from the main body of the rod andcovering these
areas with plastic film.For each combination of concrete compressive strength,
embedment length and rebar type, two specimenswere tested. The results for each group
are presented as average from the two tests. The characteristics of the concrete mixtures
and their actual 28-day compressive strengthsare shown in Table 7.1.
On the micro surface level, the unidirectional FRP bars consisted oftwo layers of
E- glass fibers embedded in vinyl ester and positioned symmetrically alongthe longitudinal
axis. The thickness of the most inner layerwas 1.27 mm (0.050 in) with +1- 60 degree
fiber orientation and was provided only for manufacturingpurpose. The thickness of the
outer layer was 3.05 mm (0.110 in) with unidirectional fiber orientation. Theouter and
inner (hollow core) diameters of the barwere 21 mm (0.82 in) and 12.7 mm (0.5 in),
respectively. A burn -out test (ASTM D 4218-86) showed 79.14percent fibers and199
20.86 percent resin. The structure of the unidirectional FRP rebar is schematically shown
in Figure 7.5a.
TABLE 7.1: Concrete Mix Proportions
COMPONENTS Designed Concrete Compressive Strength, (MPa)
(kg/n13) Unidirectional Specimens * Off-Axis Specimens **
20.7 34.4 55 20.7 34.4 48.2
Cement 275 389 450 255 330 390
Water 173 165 127 148 165 157
Coarse Aggregate 1060 1060 1100 1060 1060 1030
Fine Aggregate 907 785 815 800 800 835
W / C Ratio 0.63 0.43 0.28 0.58 0.5 0.4
Plasticizer (1/m3) N/A N/A 15.3 N/A N/A N/A
Compressive
Strength, 1 batch
23.9 36.5 51.6 24.8 33.8 47
Compressive
Strength, 2 batch
17.9 39.2 53 22.4 35 48
Note: *- Fineness Modulus = 2.80; Water Fine Aggregate Content= 4.95 %;
Absorption = 3.8 %; Maximum Size = 3/4 in.; Water Content Coarse Aggregate= 3.28 %;
Absorption = 2.9 %
"-Water Content Fine Aggregate = 6.7 %; Water Content Coarse Aggregate= 3.6 %.
The off-axis FRP rebars were comprised of three layers of E- glass fibers,bonded
together by the same type of resin used in the unidirectional bars.Each layer consisted of
a glass-fiber mat placed symmetrically along the longitudinal axis of the rebar. The layers
orientation, relative to the rebar axis, and theirconsequence were as follows: the most
inner layer was oriented at IV 90 degree and placed nextto the hollow core of the rebar; a
second layer with orientation +/-15 degree; anda third layer with +/-30 degree orientation
placed on the outer surface of the rod. The outer and inner diameterswere 19 mm (0.75200
in), not including the deformations, and 12.7mm (0.50 in), respectively. The resulting
combined wall thickness was 3.15 mm (0.125 in).Burn out test (ASTM D 4218-86)
showed 63.92 percent fibers and 36.08 percent resincontent.Figure 7.5b shows layer
thickness and orientations of the off-axis hollow FRP rebar.
+/-60deg.;1.27 mm 0 deg.;2.8 mm
a: Unidirectional Hollow GFRP Rebar
0/90deg.;0.32 mm
b: Off-Axis Hollow GFRP Rebar
FIGURE 7.5: Structure of the Hollow FRP Units
In terms of load carrying capacity the rebars from bothgroups were designed as a
substitution for No.4 standard steel reinforcement. The ultimate tensilestrength results are
presented in Table 7.2. Deformations for bondto concrete were provided by bonding
glass-fiber strands to the surface of the rebar.201
TABLE 7.2: Tensile Properties of Hollow FRP Bars
Properties Unidirectional FRP Off -Axis FRP
Designed Tensile Strength, MPa 620 620
Actual Tensile Strength, MPa 787 662
Required Yield Strength, MPa 262 262
Strain at Failure, % 3.3 3.2
Elastic Modulus, GPa 24 21
Fiber Content, % 79 64
Z3.3. Test Procedure and Test Results
The pull-out test set-up is schematically shown in Figure 7.6. Concretespecimens
were attached to the testing machine through test fixture designed and manufactured for
the needs of this study.Details of test arrangement, measuring points, and gripping
devices used in this study are provided elsewhere (Kachlakev and Lundy,1995). The test
is displacement controlled, with rate of 1 mm/min (0.04 in/ min). Figure 7.7shows typical
stress versus strain diagrams resulting from the test.
Tables 7.3 and 7.4 summarize the results for the unidirectionaland off-axis
specimens, respectively.
The maximum load at failure was about 200 percent higher for theunidirectional
specimens, depending on embedment length. The difference increasedwith decrease of
the embedment length.The differences between the twogroups, expressed with K-
values, were in the vicinity of 3 to 4 times in favor of theunidirectional rebars. As
previously stated, the two groups of specimens hada similar geometry, deformation
patterns and 28-day concrete compressive strengths. Other variables, including materials202
TABLE: 7.3: Unidirectional Hollow FRP Rebars-Test Results
Embedment
Length
[cm]
Concrete
Compressive
Strength
[MPa]
Max.
Load
[kN]
Bond
Strength
[N/mm]
Bond
Stress
IMPal
Initial
Bond
Stress
[MPa]
K- value
25.4 18 130 510 7.78 4.82 121
17.78 18 149 835 12.747.22 197
10.16 18 127 1244 19.004.13 294
25.4 24 76 297 4.50 2.40 61
17.78 24 178 998 15.207.22 204
10.16 24 149 1460 22.308.94 299
25.4 36 156 615 9.40 3.44 102
17.78 36 180 1013 15.503.44 168
10.16 36 176 1734 26.503.44 287
25.4 39 183 719 11.002.41 115
17.78 39 166 930 14.205.85 149
10.16 39 174 1711 26.104.47 273
Note: Rebar diameter=20.8 mm; Rebar Circumference=6 5.31mm
1 in = 25.4 mm; 1 psi = 6.89 Oa; 1 lbf = 4.45 N; 1 lb/in= 0.175 N/mm.
TABLE 7.4: Off-Axis Hollow FRP Rebars-Test Results
EmbedmentConcrete Max. BondBondInitialK-value
Length Compressive LoadStrengthStressBond
Strength Stress
[cm] [MPa] [1(N] [N/mm][MPa][MPa]
25.4 35 56 218 3.65 0.10 37
17.78 35 48 270 4.50 0.47 46
10.16 35 36 350 5.85 0.57 59
25.4 47 60 237 3.95 0.27 35
17.78 47 50 282 4.71 0.55 41
10.16 47 48 476 7.95 0.59 69
Note: Rebar diameter = 19 mm; Rebar Circumference= 60 mm.203
for concrete preparation, embedment lengths, methods of casting, curingand testing
specimens, and testing equipment were the same.
GFRP Rebar
FIGURE 7.6: Pullout Test Set Up
Bond Stressvs. Slip
Typical Results
FIGURE 7.7: Typical Test Results204
In order to investigate the bond performance of thetwo groups, the initial bond
stress was evaluated. The bond stress developed at 0.025mm (0.001 in) of displacement
was considered as initial (Leet, 1990). It was observed that the initial bond stress doesnot
depend on concrete compressive strength, embedment length, andmaximum bond stress
for both groups. This observationcompares closely with the results obtained by Malvar
(1994).
Generally, the bond strength dependon the adhesion between concrete and
reinforcement, and the bearing of the reinforcement deformationsagainst the concrete
(Benmokrane, et al., 1996).The initial bond stress vs. slipcurves showed adhesion
developed between FRP bar and concrete.The value of the bond stress atzero slip was
considered adhesion. In most specimens the adhesion brokebetween 344 kPa (50 psi) and
4800 kPa (700 psi). Beyond this stress level, the bond strengthdevelopment was mostly
influenced by mechanical interlocking between rebar andconcrete.
Increasing the embedment length from 102mm to 254 mm (4 in to 10 in) of the
unidirectional specimens led to reduction of the bond strengthper unit length by 58 to 64
percent.For the off-axis case this variationwas between 38 to 50 percent. Research
conducted on other GFRP rebars suggests than doubling theembedment length reduces
the bond strength by 14 to 26 percent dependingon rebar type (Al-Zahrani, et al., 1996).
The results from both groups of FRP specimenssuggested that the concrete
strength has insignificant impacton the maximum bond strength and failure mode if
sufficient clear cover is provided. Similar conclusionshave been reached by other
researchers investigating composite bars (Al-Zahrani,et al., 1996; Benmokrane, et al.,205
1996).Figure 7.8 shows a plot of the 28-day concrete compressivestrength vs. the
maximum load sustained by each specimen.
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FIGURE 7.8: Influence of the Concrete Compressive Strengthon Bond Strength
7.3.4. Discussion
In order to explain the differences between the bond strength ofunidirectional and
off-axis bars, the micro structure of the rebarswas investigated.Stresses developed on
each layer of both rebars were computed. Thestress of the layer adjacent to the concrete
(surface of the FRP bars) was consideredas a variable that may influence the load transfer206
mechanism and the bond behavior of the reinforced concrete specimens.The analysis of
stress distribution intended to account for different microstructures of the rebars,rather
then compete explanation of the bond mechanism.
The bond theory suggests that external load (F.) appliedto the specimen will cause
a tensile stress in the bar as follows (Yankelevsky, 1985):
Crb(X) = Fb Ab = (F.- T) / Ab (Eq.7.1)
where:
c7b(x)stress in the loading direction;
Fb - portion of the external load carried by the bar, dependingon its relative
stiffness of the bar;
F. - external load;
T- force in the concrete induced by the external load;
Ab - rebar cross-sectional area.
The loading direction for unidirectional bars coincides withprincipal material
direction and is 30 degree off-axis for the secondgroup of specimens.
Similarly, the stress in the concrete could be expressedas:
where:
cr,(x) = T / A, (Eq.7.2)
- cross-section area of the concrete.207
The bond stress may be defined as the equivalently distributed shearstress on the
bar:
t(x,y) = (1 / ic.d).(dF / dx) =- (T /7c.d).e-'R (Eq.7.3)
where:
d - rebar diameter;
13 - coefficient.
Figure 7.9 shows the mechanism of load transfer between the reinforcingunit and
concrete. The rebar can be regarded as constructed ofn dx elements, distributed along its
length.Increasing the externally applied force F0, the number of stressed dxsegments
increases.The surrounding concrete resists to the tensile load by inclinedforces dC,
oriented at some angle relative to the longitudinal axis of the rebar.The dC consists of
vertical and horizontal components, dT and &V, respectively (Figure7.9, Detail "A"). Due
to load transfer between the bar and the concrete, the axial stress in the reinforcementis
reduced at a rate equal to the increased stress in theconcrete. When the stresses involved
in this transfer cannot be sustained by the concrete, failureoccurs.
The mechanism of load transfer between the rebar andconcrete due to external
load suggests that the strain in the bar has the highest valuewhen the strain in concrete is
zero (Yankelevsky, 1985). Upward the free end along the longitudinal axis of the pull-out
specimen the strain in concrete increases while the strain inrebar decreases. At a given
distance, the strains in the concrete and the rebar become equal andthe bond stressF
FIGURE 7.9: LoadTransfer Mechanism209
approaches zero. Typically the increased strain in concrete leads to its shearing offat the
interface with the reinforcing unit, and bond failureoccurs.
Uniaxial loading of a FRP rebar along a direction other than that of the fiber
orientation produces a biaxial state of stress (Daniel and Ishai, 1995). The stress in the
principal material axes (fiber orientation) under uniaxial external stressax can be obtained
such as:
ai=COSO. ax; a2=Sine. ax;
where:
-cxy- sine. cog). ax (Eq.7.4)
e is the angle between the fibers orientation and the loading direction (0< e< 90);
al ,a2 - stresses in principal material direction;
ax - stress in the loading direction.
It can be concluded that due to the same external load, the off-axis rebar would
develop lower stresses than the unidirectional rebar. Thus, the forces induced in the
concrete surrounding the off-axis specimen would be greater (Eq.7.1 and 7.2). Since the
bond behavior is mainly governed by failure of the concrete (Al-Zahraniet al., 1996;
Lundy and Kachlakev, 1996; Benmokrane, et al., 1996), the specimens reinforcedwith
off-axis units are expected to fail at lower loads.
Considering the above equations and discussion, the following predictionscan be
made:
1. Due to an external load of the same magnitude, the unidirectional bars would
exhibit higher longitudinal stresses in theirupper layers then the rebars with off-axis fiber210
orientation.Thus, the stresses carried by the concrete in the specimens reinforcedwith
unidirectional bars would be lower. Asa result, these specimens would sustain a higher
load at failure, which will result in higher bond strength.
2. It appears that the off-axis bars would exhibit highertransverse stresses ay, and
greater Poisson effects. Thus, a stronger debonding action would be experienced by these
specimens, which will result in a reduction of the maximum loadat failure.
7.3.5. Stress Analysis
In order to investigate the validity of the above predictions,a stress analysis of
both types of rebars was considered.The analysis was based on material properties
provided by the manufacturer. GENLAM softwarewas used (Composite Design, 1988).
Stress analysis was performed on three different load levels. The firstlevel corresponds to
the ultimate tensile strength of the barsas determined by the tensile tests.The second
level represents the average load at failure sustained by eachgroup. The third level of
loading corresponds to the bond stresses developed at slip of 0.25mm (0.01 in).
In order to obtain more realistic results from the analysis, +/- 0 layerswere divided
into two separate layers with +0 and -0 orientations, respectively,and a thickness of 1/2 of
the actual thickness. To account for the fibers intersection,the strength and stiffness
parameters in these layers were reduced by 25 percent of their actual values(Reddy and
Miravete, 1995). This approach was applied to all layers in theoff-axis specimens and to
the core layer of the unidirectional units.211
The results are shown in Table 7.5. The unidirectional bars exhibited higher
longitudinal stresses in all three loading schemes. The magnitude of the longitudinal
stresses varied from 1.2 to 1.9 depending on the load scheme.
TABLE 7.5: Stress Distribution in Unidirectional and Off-Axis FRP Bars
(GENLAM Analysis)
External
Load
Unidirectional FRP Rebars Off-Axis FRP Rebars
Ply Stress
(MPa)
Ply Strain
(A-strain)
Ply Stress
(MPa)
ex
Ply Strain
(p-strain)
27.63 Level 1ax 795Ex 17.75ax 576
cry -0.28ey -4.99cry 35.6By -13.17
a, 0e, 0a, 176.2e, 0
Level 2ax 485ex 10.83ax 267ex 12.77
ay-0.207ey -3.05ay 16.5ey -6.08
as 0Es 0a, 81.5e, 0
Level 3ax42.79ex 0.96ax 38ex 1.82
cry 0ey -0.27ay 2.35ey -0.87
a, 0e, 0a, 11.65es 0
Note: Stress distributions are given for the surface layer of the rebars only. In bothcases the x-axis coincides
with the direction of loading. In the off-axis rebars the coordinatesystem does not coincide with the
principal material axes.
The off-axis bars showed higher transverse strains.The difference in magnitude
was found to be between 2 and 3.24 depending upon the load level.
The transverse stresses exhibited by the two bars differednot only in magnitude
but also in sign. As an absolute values, these differencewere estimated from 80 to 129
percent, approaching infinity at low load levels.212
None of the suggestions and findings shown herein should be regardedas
conclusive or definitive.However, the stress analysis confirmed the test results of this
study. The concrete specimens reinforced with unidirectional hollow GFRPrebars
exhibited higher bond strengths.Since the rebar geometry, concrete mixes, methods of
preparation and testing were similar for bothgroups of reinforcement, it could be
reasonable to assume that microstructure of the FRP units influenced the bond
performance. Further testing and analysis are needed to confirm these suggestions.
7.3.6. Conclusions and Recommendations
1) The bond strength exhibited by the unidirectional glass FRP rebars studied hereinwas
approximately 200 percent higher than that of the off-axis specimens.
2) Based on the test results and the performed computer simulation, itappears that the
microstructure of the FRP bars affects their bond strength.
3) It seems that the compressive strength of the concrete hasno significant influence on
bond sti ength.
4) All specimens had enormously high K-values whichmay be due either to reinforcement
type, shortcomings of the testing technique or both. Further testing is recommended in
order to evaluate the appropriateness of the K-value when FRP barsare evaluated.
5) Initial bond stress was constant among specimenscast from the same batch of concrete,
regardless of other variables. This suggests that the adhesion portion ofthe bond strength
depends only on the surface conditions of the bars, whichwere very similar for both FRP
reinforcing units.213
8. CONCLUSIONS AND RECOMMENDATIONS
8. 1. Conclusions
Based on the research of bond using various FRP rebars, conventional and flat
steel reinforcement, and differenttest procedures, the following conclusions are
warranted.
8.1.1. Test Procedures
The newly developed European bond strength test procedure confirms thebasic
principles and theoretical approaches of the bond development theory. The procedure
simulates, closer than any other test method, the conditions under whichconcrete
reinforcing units are subjected in the reinforced concrete members. One the main benefits
of this test method is reduction of the Poisson's effects induced in the reinforcingunits
during tests. The failure mechanism is driven by crack propagation, initiatingfrom the
point near the initial crack in the concrete and advancing along the concrete-reinforcement
interface. This test method obviates the splitting type of failure, thus, allowing forprecise
determination of the maximum bond strength.
The pull-out test method, as modified for this studywas found satisfactory overall.
In spite of all limitations_ of the pull-out tests, in general, the procedure allowsfor
evaluation the bar behavior at the loaded and free ends, and avoids failure in thegripping
zone. The observations during this study showed that while suitable for comparing the214
bond performance of different reinforcing units, the pull-outtests do not adequately
measure the maximum bond strength. The splitting failure, common for these tests, is
thought to be the main reason for this. Although not favoredas a test method, various
forms of the pull-out test are the most widely used procedure for bond strength
investigations. Thus, the pull-out methodology cannot be completely disregardedfrom
consideration in a future research.
8.1.2. Comparison of Bond Strength Among Different Reinforcing Units
While giving satisfactory results for particular sizes of steel rebars embeddedin
normal strength concrete mixes, the K-valueswere found unsuitable for evaluation of
bond strength of FRP bars. Among the possiblereasons are the different parameters
influencing bond performance of these reinforcing units when comparedto steel. The K-
values do not account for rebar properties and stressesas the bond develops, which in
some cases dominate the bond behavior. Additionally, the use of K-values is senseless if
the effect of concrete compressive strength is considered insignificant.This appears
counter-intuitive.
The Mobilization of Yield Resistance (MYR) ratiowas found suitable for
evaluating the bond performance regardless of thetype, shape and mechanical properties
of the reinforcing units. In combination with the European bondstrength test method, the
MYR ratios effectively capture the bond strength of the concrete-reinforcementinterface.215
8.1.3. Size Effects Associated with Bond Strength of FRP Rebars
A phenomenon of decreasing nominal bond strength with increasing embedment
length was observed during the study. The size effects are phenomena of the fracture
mechanics. It is believed that this behavior is attributed to the brittle nature of failure
between FRP bars and concrete, and the validity of the size effects law when pull-out
specimens are evaluated. While for plastic behavior, geometrically similar structures of
different sizes fail at the same stress level, for brittle behavior the nominal stressat failure
decreases as the size increases. The existence of size effects is anotherreason to believe
that pull-out tests do not measure the maximum bond resistance of the reinforcedconcrete
samples.
8.1.4. Influence of the Concrete Compressive Strengthon Bond Strength
Between FRP bars and Concrete
The study showed that the concrete compressive strength hasno significant
influence on the maximum bond strength. It seems that the bond performancewas
controlled by the geometry and mechanical properties of the FRP bars,concrete clear
cover, and embedment length. This finding is counter-intuitive, and it is only applicable for
the particular type of hollow glass FRP rebars investigated. The conclusioncannot be
regarded as definitive nor complete. Since each FRP bar is unique, with properties
depending upon materials being used, the design and manufacturingprocess, no general
conclusions can be drawn. However, similar phenomenawere reported by other
researchers studying different FRP bars.216
8.1.5. Microstructure of the FRP Bars as a Variable Influencing the Bond
Strength
Prior to this study, the microstructure of the FRP reinforcing units has not been
considered as a possible parameter affecting the bond strength. However, recent research
reports that bond strength is affected by yielding and Poisson's effects in steel rebars.
Poisson's effects are even more important and pronounced in FRP bars. The different fiber
and resin types, design configurations and manufacturingprocesses used influence a
variety ofmechanical properties and structural responses of FRP reinforcing units.
Furthermore, standardization of products is neither possiblenor desirable since specific
applications require specific products. The approach taken by the major institutions
studying FRP bars, such as the American Concrete Institute (ACI) and the American
Society for Testing and Materials (ASTM), ensures that the rebar propertiesand
performance will be the manufacturers liability, within reasonable limits.
This study found that the bond performance of hollow glass FRP rebars with
unidirectional fiber orientation is superior to that of rebars with similargeometry and
deformation pattern, but off-axis fiber orientation, when tested under nearly identical
conditions. This finding was confirmed by theoretical stress analysis. Furthermore,the
results were expected considering the mechanics of composite materials.
The particular analysis and conclusions are applicable onlyto the FRP bars
researched herein. However, it is believed that the microstructure of the FRP reinforcing
units plays a major role in their bond performance in concrete.217
8.1.6. Hollow Glass FRP Rebars
The bond performance of the hollow glass FRP rebars was foundvery compatible
to steel. While it is unrealistic to expect substitution for steel in all types of structural
applications, substitution of these FRP rebars may be appropriate for certain applications.
Continuously Reinforced Concrete Pavements, bridge decks, concrete runways, retaining
walls and other structures subjected to harsh environments areamong the major
candidates for utilization of the hollow FRP bars. When compared to the other composite
rods on the market today, the hollow FRP reinforcing units present certain advantages.
The hollow feature makes the bar lighter, while maintaininga similar load carrying
capacity. The larger circumference increases the bond due to greater contactarea with
concrete.
8.1.7. Deformations of the FRP Reinforcing Units
The study recognized that for FRP bars the bond failuremay be significantly
influenced by the interlocking between lugs and concrete. Shearing of the rebar lugs isnot
desirable. In order to avoid this, it is recommended that the shear strength between rebar
body and deformation pattern exceeds the shear resistance of the surroundingconcrete.
This has to be considered during designprocess and manufacturing of the composite
reinforcement units. FRP bars with deformations glued to the body of the baror formed
by indentation of the surface exhibited lower bond strength than that with lugsdesigned as
an integral part of the rebar's body.218
8. 2. Recommendations for Future Research
The bond between reinforcement and concrete isa very complicated and broad
topic. Most of the research to date resulted in development of empirical relations
explaining bond strength and performance of specific reinforcing units, evaluatedunder
particular laboratory conditions using unique test procedures. The bond between FRP bars
and concrete is even more complex due to greater uncertainties associatedwith the
reinforcement itself, different factors influencing the bond, unique structure and properties
of these rods or any combination of them. Basedon literature review and the experience
gained during this study, development ofan unified, general model, applicable for
conventional and composite reinforcement does not yetseem possible. However, an
unified test procedure and expression of the results is desperatelyneeded. Research
groups and industrial interests should recommend a list of critical variables thought to
affect the bond of FRP bars. Researchers should makeevery effort to include these in all
subsequent research. It seems particularly important to emphasize the effect ofdifferent
concrete mixes, their compressive strength and physical properties of the FRP bars. The
role of the surface of the bars, deformation patterns, composition ofthe lugs and their
attachment to the main body must be further evaluated.
It is strongly recommended that full-scale beams be studiedto confirm the bond
capacity of hollow glass FRP bars and the failure modes in flexure and shear.
Some tests conducted during this study showed enormously high K-values.This
phenomenon may be due either to the reinforcementtype, shortcoming of the testing
technique or both. However, further testing is recommended inorder to evaluate the219
suitability of the K-values for evaluating the bond of FRP rebars. Theuse of Mobilization
of Yield Resistance (MYR) ratio rather than K-values is recommended. Since MYRratios
are not influenced by reinforcement types, mechanical characteristics and shape, they
might be very useful for comparison between different FRP units and steel.
In spite of the significant achievements in the recentyears, researchers and
manufacturers have not produced a solid FRP bar larger than No. 5. As mentioned above,
this lack of success is due to the size effect phenomenon, i.e., the ultimate strengthof the
composite bars decreases as the size increases. The existence of the size effects limitsthe
application of composite bars in the civil engineering practice. Future researchmust
consider tailoring the behavior of FRP rods through various composite andfracture
mechanics theories in order to overcome these difficulties. The hollow feature ofthe FRP
bar researched herein may allow for an increase of size without excessiveincrease in
cross-section area and, thus, reduction of size effects. Furthermore, the hollownessmay be
very important for solving the sizing problems associated with any type of composite
rebars, i.e., decrease in tensile strength for glass FRP bars with size increase.
Additional research, using a wide variety of concrete mixes and FRP bartypes is
recommended in order to confirm the insignificance of theconcrete compressive strength
on bond of FRP bars. If proven definitive, this phenomenon could have significant impact
on design, performance and cost-effectiveness of concrete structures reinforced with FRP
units.
While further research is needed in order to confirmor reject the effect of rebars
microstructure on their bond performance, it is recommended thatthis variable be220
considered as a parameter influencing the bond. Future research must considera variety of
FRP reinforcing units with similar geometry and deformation patterns, but different
microstructures, tested under similar conditions.221
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APPENDIX D
GENLAM Stress Analysis- Program Output259
Think Composites's GENLAM V
Laminate stiffness matrix
.4845E+06 .1066E+06 .1198E+06 .4142E-02-.2288E-03-.2289E-03
.1066E+06 .2010E+06 .4114E+05 -.2288E-03-.9425E-03 .1095E-03
.1198E+06 .4114E+05 .1334E+06 -.2289E-03 .1095E-03-.3980E-03
.4142E-02-.2288E-03-.2289E-03 .3795E+05 .8694E+04 .9830E+04
-.2288E-03-.9425E-03 .1095E-03 .8694E+04 .1611E+05 .3443E+04
-.2289E-03 .1095E-03-.3980E-03 .9830E+04 .3443E+04 .1083E+05
A* B*
3B* D* [mai]
.775 .170 .192 .000 .000 .000
.170 .321 .066 .000 .000 - .000
.192 .066 .213 .000 .000 .000
.000 .000 .000 1.861 .426 .482
.000 .000 .000 .426 .790 .169
.000 .000 .000 .482 .169 .531
Laminatecompliance matrix
.2847E-05-.1053E-05-.2233E-05 -.4605E-12 .1670E-12 .3538E-12
-.1053E-05 .5700E-05-.8125E-06 .1662E-12 .3112E-12-.3597E-12
-.2233E-05-.8125E-06 .9754E-05 .3499E-12-.3592E-12 .1161E-12
-.4605E-12 .1662E-12 .3499E-12 .3710E-04-.1376E-04-.2931E-04
.1670E-12 .3112E-12-.3592E-12 -.1376E-04 .7172E-04-.1031E-04
.3538E-12-.3597E-12 .1161E-12 -.2931E-04-.1031E-04 .1223E-03
a*b*/3
b*T d* 1/Igsil
1780.990 -658.409 -1396.631 .000 .000 .000
-658.409 3565.198 -508.220 .000 .000 .000
-1396.631 -508.220 6100.961 .000 .000 .000
.000 .000 .000 756.545 -280.618 -597.744
.000 .000 .000 -280.618 1462.598 -210.281
.000 .000 .000 -597.744 -210.281 2493.447260
Think Composites's GENLAM V
LAMINATE ENGINEERING CONSTANTS
N 0 T E ! !
Applies only to SYMMETRIC laminates
Inplane constants
Elo = .5615E2o - .2805 E6o = .1639 [nisi]
alplo . 5.8942 alp2o = 10.8971 alp6o m -5.34121/[deg F]*1E6
betlo - .0000 bet2o - .0000 bet6o = .0000WC
nu2lo = .3697 nu6lo - -.7842 nu62o = -.1426
nul2o = .1847 nul6o - -.2289 nu26o - -.0833
Flexural constants
Elf = 1.3218 Elf= .6837E6f
nu2lf = .3709nu6lf= -.7901 nu62f =
nul2f = .1919nul6f= -.2397 nu26f =
Load Case No1
.4011 [mei]
-.1438
-.0843
epsl eps2 eps6 kl k2 k6
.6469E-01-.2392E-01-.5073E-01-.1046E-07 .3794E-08 .8039E-08
epslo eps2o eps6o epslf eps2f eps6f*1E3
64.6908 -23.9154-50.7298 .0000 .0000 .0000
N1 N2 N6 Ml M2 M6
.2272E+05 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00
sigmalo sigma2o sigma6o sigmalf sigma2f sigma6f [ksi]
36.32 .00 .00 .00 .00 .00
Temperature difference .0 Moisture .0000261
Ply strains in 1000:s microstrains
Ply No eps-1 eps-2 eps-6 eps-x eps-y eps-s
4 Top 30.0000 -8.4000 .0000 30.0000 -8.4000 .0000
4 Bot 30.0000 -8.4000 .0000 30.0000 -8.4000 .0000
3 Top 30.0000 -8.4000 .0000 30.0000 -8.4000 .0000
3 Bot30.0000 -8.4000 .000030.0000 -8.4000 .0000
2 Top 30.0000 -8.4000 .000030.0000 -8.4000 .0000
2 Bot30.0000 -8.4000 .000030.0000 -8.4000 .0000
1 Top30.0000 -8.4000 .000030.0000 -8.4000 .0000
1 Bot 30.0000 -8.4000 .000030.0000 -8.4000 .0000
Ply Nosigma-1sigma-2 sigma-6sigma-xsigma-ysigma-s
4 Top .00 .00 .00 .00 .00 .00
4 Bot .00 .00 .00 .00 .00 .00
3 Top 314.74 -8.01 -30.44 314.74 -8.01 -30.44
3 Bot 314.74 -8.01 -30.44 314.74 -8.01 -30.44
2 Top 240.55 -1.36 8.70 228.69 10.49 -52.94
2 Bot 240.55 -1.36 8.70 228.69 10.49 -52.94
1 Top 145.14 1.52 1.85 110.84 35.82 -61.26
1 Bot 145.14 1.52 1.85 110.84 35.82 -61.26262
Think Composites's GENLAM V
Load Case No2
epsl eps2 eps6 kl k2 k6
.2990E-01-.1105E-01-.2344E-01-.4835E-08 .1753E-08 .3715E-08
epslo eps2o eps6o epsif eps2f eps6f*1E3
29.8967-11.0524 -23.4447 .0000 .0000 .0000
N1 N2 N6 M1 M2 M6
.1050E+05 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00
sigmaio sigma2o sigma6o sigmaif sigma2f sigma6f (ksi]
16.79 .00 .00 .00 .00 .00
Temperature difference .0 Moisture .0000
Ply strains in 1000:8 microstrains
Load Case No2
Ply strains in 1000:s microstrains
Ply No eps-1 eps-2 eps-6 eps-x eps-y eps-s
4 Top 8.1731 -2.2885 .0000 8.1731-2.2885 .0000
4 Bot 8.1731 -2.2885 .0000 8.1731 -2.2885 .0000
3 Top 8.1731 -2.2885 .0000 8.1731-2.2885 .0000
3 Bot 8.1731 -2.2885 .0000 8.1731 -2.2885 .0000
2 Top 8.1731-2.2885 .0000 8.1731 -2.2885 .0000
2 Bot 8.1731-2.2885 .0000 8.1731 -2.2885 .0000
1 Top 8.1731 -2.2885 .0000 8.1731 -2.2885 .0000
1 Bot 8.1731 -2.2885 .0000 8.1731 -2.2885 .0000263
Think Composites's GENLAM V
Ply stresses in ksi
Ply Nosigma-1 sigma-2sigma-6sigma-xsigma-ysigma-s
8 Top 67.07 .70 .86 51.22 16.56 -28.31
8 Bot 67.07 .70 .86 51.22 16.56 -28.31
7 Top 111.17 -.63 4.02 105.69 4.85 -24.47
7 Bot 111.17 -.63 4.02 105.69 4.85 -24.47
6 Top 145.46 -3.70 -14.07 145.46 -3.70 -14.07
6 Bot 145.46 -3.70 -14.07 145.46 -3.70 -14.07
5 Top .00 .00 .00 .00 .00 .00
5 Bot .00 .00 .00 .00 .00 .00
4 Top .00 .00 .00 .00 .00 .00
4 Bot .00 .00 .00 .00 .00 .00
3 Top 145.46 -3.70 -14.07 145.46 -3.70 -14.07
3 Bot 145.46 -3.70 -14.07 145.46 -3.70 - 14.07.
2 Top 111.17 -.63 4.02 105.69 4.85 -24.47
2 Bot 111.17 -.63 4.02 105.69 4.85 -24.47
1 Top 67.07 .70 .86 51.22 16.56 -28.31
1 Bot 67.07 .70 .86 51.22 16.56 -28.31
Load Case No3
epsi eps2 eps6 ki k2 k6
.4271E-02-.1579E-02-.3349E-02-.6908E-09 .2505E-09 .5307E-09
epsio eps2o eps6o epslf eps2f eps6f*1E3
4.2710 -1.5789 -3.3492 .0000 .0000 .0000
N1 N2 N6 MI M2 M6
.1500E+04 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00
sigmalo sigma2o sigma6o sigmaif sigma2f sigma6f [ksi]
2.40 .00 .00 .00 .00 .00
Temperature difference .0 Moisture .0000264
Think Composites's GENLAM V
Ply strains in 1000:8 microstrains
Ply No eps-1 eps-2 eps-6 eps-x eps-y eps-s
4 Top 8.1731 -2.2885 .0000 8.1731 -2.2885 .0000
4 Bot 8.1731 -2.2885 .0000 8.1731 -2.2885 .0000
3 Top 8.1731 -2.2885 .0000 8.1731 -2.2885 .0000
3 Bot 8.1731 -2.2885 .0000 8.1731 -2.2885 .0000
2 Top 8.1731 -2.2885 .0000 8.1731 -2.2885 .0000
2 Bot 8.1731 -2.2885 .0000 8.1731 -2.2885 .0000
1 Top 8.1731 -2.2885 .0000 8.1731 -2.2885 .0000
1 Bot 8.1731 -2.2885 .0000 8.1731 -2.2885 .0000
Ply stresses in ksi
Ply Nosigma-1sigma-2 sigma-6sigma-xsigma-ysigmas
4 Top 53.13 .00 .00 53.13 .00 .00
4 Bot 53.13 .00 .00 53.13 .00 .00
3 Top .00 .00 .00 .00 .00 .00
3 Bot .00 .00 .00 .00 .00 .00
2 Top .00 .00 .00 .00 .00 .00
2 Bot .00 .00 .00 .00 .00 .00
1 Top 53.13 .00 .00 53.13 .00 .00
1 Bot 53.12 .00 .00 53.12 .00 .00265
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Laminate stiffness matrix
.1546E+07 .1628E+06 .2188E+05 -.1277E+00-.6806E-02 .7030E-03
.1628E+06 .5797E+06 .5668E+05 -.6806E-02-.3560E-01 .1958E-02
.2188E+05 .5668E+05 .2361E+06 .7030E-03 .1958E-02-.1208E-01
-.1277E+00-.6806E-02 .7030E-03 .1665E+06 .1587E+05 .1508E+04
-.6806E-02-.3560E-01 .1958E-02 .1587E+05 .5655E+05 .3909E+04
.7030E-03 .1958E-02-.1208E-01 .1508E+04 .3909E+04 .2349E+05
A* B*
3B* D* [msi]
2.008 .211 .028 .000 .000 .000
.211 .753 .074 .000 .000 - .000
.028 .074 .307 .000 .000 .000
.000 .000 .000 4.375 .417 .040
.000 .000 .000 .417 1.486 .103
.000 .000 .000 .040 .103 .617
Laminate compliance matrix
.6666E-06-.1855E-06-.1722E-07 .5214E-12-.1811E-12-.1668E-13
-.1855E-06 .1818E-05-.4192E-06 -.1780E-12 .1225E-11-.5540E-12
-.1722E-07-.4192E-06 .4337E-05 -.1524E-13-.5752E-12 .2362E-11
.5214E-12-.1780E-12-.1524E-13 .6173E-05-.1724E-05-.1094E-06
-.1811E-12 .1225E-11-.5752E-12 -.1724E-05 .1837E-04-.2946E-05
-.1668E-13-.5540E-12 .2362E-11 -.1094E-06-.2946E-05 .4307E-04
a*b*/3
b*T d* 1/[gsi]
513.312 -142.861 -13.259 .000 .000 .000
-142.861 1399.958 -322.799 .000 .000 .000
-13.259 -322.799 3339.441 .000 .000 .000
.000 .000 .000 234.837 -65.606 -4.164
.000 .000 .000 -65.606 698.898 -112.076
.000 .000 .001 -4.164 -112.076 1638.430266
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LAMINATE ENGINEERING CONSTANTS
N O T E !
Applies only to SYMMETRIC laminates
Elo -
Inplane constants
1.9481 E2o = .7143 E6o - .2995 [mai)
alplo = 5.0449 alp2o - 10.5836 alp6o - -2.09411/Ideg F)*1E6
betlo - .0002 bet2o - .3146 bet6o - -.0755WC
nu2lo - .2783 nu6lo = -.0258 nu62o = -.2306
nul2o - .1020 nul6o - -.0040 nu26o =
Flexural constants
-.0967
Elf = 4.2583 Elf = 1.4308E6f = .6103 (msi)
nu2lf - .2794 nu6lf = -.0177 nu62f -.1604
nul2f - .0939 nul6f = -.0025 nu26f = -.0684
Load Case No1
epsi eps2 eps6 kl k2 k6
.1859E-01-.5173E-02-.4801E-03 .1454E-07-.5050E-08-.4650E-09
epslo eps2o eps6o epsif eps2f eps6f*1E3
18.5859 -5.1727 -.4801 .0000 .0000 .0000
N1 N2 N6 Ml M2 M6
.2788E+05 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00
sigmalo sigma2o sigma6o sigmalf sigma2f sigma6f [kai]
36.21 .00 .00 .00 .00 .00
Temperature difference .0 Moisture .0000267
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Ply strains in 1000:8 microstrains
Ply No eps-1 eps-2 eps-6 eps-x eps-y eps-s
6 Top18.5859 -5.1727 -.480118.5859 -5.1727 -.4801
6 Bot18.5859 -5.1727 -.480118.5859 -5.1727 -.4801
5 Top18.5859 -5.1727 -.4801 .559112.8541-20.3355
5 Bot 18.5859 -5.1727 -.4801 .5591 12.8541-20.3355
4 Top18.5859 -5.1727 -.4801 18.5859 -5.1727 -.4801
4 Bot18.5859 -5.1727 -.480118.5859 -5.1727 -.4801
3 Top 18.5859 -5.1727 -.480118.5859 -5.1727 -.4801
3 Bot 18.5859 -5.1727 -.480118.5859 -5.1727 -.4801
2 Top18.5859 -5.1727 -.4801 .559112.8541-20.3355
2 Bot18.5859 -5.1727 -.4801 .5591 12.8541-20.3355
1 Top18.5859 -5.1727 -.480118.5859 -5.1727 -.4801
1 Bot18.5859 -5.1727 -.480118.5859 -5.1727 -.4801
Ply stresses in ksi
Ply Nosigma-1sigma-2sigma-6sigma-xsigma-ysigma-s
6 Top 120.82 .06 -.38 120.82 .06 -.38
6 Bot 120.82 .06 -.38 120.82 .06 -.38
5 Top 25.97 -.25 1.69 7.77 17.95 -12.20
5 Bot 25.97 -.25 1.69 7.77 17.95 -12.20
4 Top .00 .00 .00 .00 .00 .00
4 Bot .00 .00 .00 .00 .00 .00
3 Top .00 .00 .00 .00 .00 .00
3 Bot .00 .00 .00 .00 .00 .00
2 Top 25.97 -.25 1.69 7.77 17.95 -12.20
2 Bot 25.97 -.25 1.69 7.77 17.95 -12.20
1 Top 120.82 .06 -.38 120.82 .06 -.38
1 Bot 120.82 .06 -.38 120.82 .06 -.38268
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Load Case No2
epsi eps2 eps6 kl k2 k6
.1133E-01-.3154E-02-.2927E-03 .8863E-08-.3079E-08-.2836E-09
epslo eps2o eps6o epslf eps2f eps6f*1E3
11.3329 -3.1541 -.2927 .0000 .0000 .0000
N1 N2 N6 MM M2 M6
.1700E+05 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00
sigmalo sigma2o sigma6o sigmaif sigma2f sigma6f [ksi]
22.08 .00 .00 .00 .00 .00
Temperature difference .0 Moisture .0000
Ply strains in 1000:s microstrains
Ply No eps-1 eps-2 eps-6 eps-x eps-y eps-s
6 Top11.3329 -3.1541 -.292711.3329 -3.1541 -.2927
6 Bot11.3329 -3.1541 -.292711.3329 -3.1541 -.2927
5 Top11.3329 -3.1541 -.2927 .3409 7.8379-12.3997
5 Bot11.3329 -3.1541 -.2927 .3409 7.8379-12.3997
4 Top11.3329 -3.1541 -.292711.3329 -3.1541 -.2927
4 Bot11.3329 -3.1541 -.292711.3329 -3.1541 -.2927
3 Top11.3329 -3.1541 -.292711.3329 -3.1541 -.2927
3 Bot11.3329 -3.1541 -.292711.3329 -3.1541 -.2927
2 Top 11.3329 -3.1541 -.2927 .3409 7.8379-12.3997
2 Bot11.3329 -3.1541 -.2927 .3409 7.8379-12.3997
1 Top11.3329 -3.1541 -.292711.3329 -3.1541 -.2927
1 Bot 11.3329 -3.1541 -.292711.3329 -3.1541 -.2927269
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Ply stresses in ksi
Ply Nosigma-1sigma-2sigma-6sigma-xsigma-ysigma-s
6 Top 73.67 .04 -.23 73.67 .04 -.23
6 Bot 73.67 .04 -.23 73.67 .04 -.23
5 Top 15.84 -.15 1.03 4.74 10.95 -7.44
5 Bot 15.84 -.15 1.03 4.74 10.95 -7.44
4 Top .00 .00 .00 .00 .00 .00
4 Bot .00 .00 .00 .00 .00 .00
3 Top .00 .00 .00 .00 .00 .00
3 Bot .00 .00 .00 .00 .00 .00
2 Top 15.84 .15 1.03 4.74 10.95 -7.44
2 Bot 15.84 .15 1.03 4.74 10.95 -7.44
1 Top 73.67 .04 -.23 73.67 .04 -.23
1 Bot 73.67 .04 -.23 73.67 .04 -.23.
Load Case No3
epal eps2 eps6 ki k2 k6
.1000E-02-.2783E-03-.2583E-04 .7820E-09-.2717E-09-.2502E-10
epslo eps2o eps6o epslf eps2f eps6f*1E3
1.0000 -.2783 -.0258 .0000 .0000 .0000
N1 N2 N6 MI M2 M6
.1500E+04 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00
sigmalo sigma2o sigma6o sigmalf sigma2f sigma6f [ksi]
1.95 .00 .00 .00 .00 .00
Temperature difference .0 Moisture .0000270
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Ply strains in
Ply No eps-1
1000:s microstrains
eps-2 eps-6 eps-x eps-y eps-s
6 Top 1.0000 -.2783 -.0258 1.0000 -.2783 -.0258
6 Bot 1.0000 -.2783 -.0258 1.0000 -.2783 -.0258
5 Top 1.0000 -.2783 -.0258 .0301 .6916 -1.0941
5 Bot 1.0000 -.2783 -.0258 .0301 .6916 -1.0941
4 Top 1.0000 -.2783 -.0258 1.0000 -.2783 -.0258
4 Bot 1.0000 -.2783 -.0258 1.0000 -.2783 -.0258
3 Top 1.0000 -.2783 -.0258 1.0000 -.2783 -.0258
3 Bot 1.0000 -.2783 -.0258 1.0000 -.2783 -.0258
2 Top 1.0000 -.2783 -.0258 .0301 .6916 -1.0941
2 Bot 1.0000 -.2783 -.0258 .0301 .6916 -1.0941
1 Top 1.0000 -.2783 -.0258 1.0000 -.2783 -.0258
1 Bot 1.0000 -.2783 -.0258 1.0000 -.2783 -.0258
Ply stresses in ksi
Ply Nosigma-1 sigma-2sigma-6sigma-xsigma-ysigma-s
6 Top 6.50 .00 -.02 6.50 .00 -.02
6 Bot 6.50 .00 -.02 6.50 .00 -.02
5 Top 1.40 -.01 .09 .42 .97 -.66
5 Bot 1.40 -.01 .09 .42 .97 -.66
4 Top .00 .00 .00 .00 .00 .00
4 Bot .00 .00 .00 .00 .00 .00
3 Top .00 .00 .00 .00 .00 .00
3 Bot .00 .00 .00 .00 .00 .00
2 Top 1.40 -.01 .09 .42 .97 -.66
2 Bot 1.40 -.01 .09 .42 .97 -.66
1 Top 6.50 .00 -.02 6.50 .00 -.02
1 Bot 6.50 .00 -.02 6.50 .00 -.02